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It is well established that murine T-lymphocyte activation is
accompanied by major changes in cell-surface sialylation,
potentially influencing interactions with sialic acid-binding
immunoglobulin-like lectins (siglecs). In the present study, we
analyzed early activation of murine CD4� and CD8� T-lym-
phocytes at 24 h. We observed a striking and selective up-regu-
lation in the binding of a recombinant soluble form of siglec-E,
an inhibitory siglec, which is expressed on several myeloid cell
types including antigen-presenting dendritic cells. In contrast,
much lower levels of T cell binding were observed with other
siglecs, including sialoadhesin, CD22, and siglec-F and the plant
lectinsMaackiaamurensis leukoagglutinin andSambucusnigra
agglutinin. By mass spectrometry, the sialic acid content of
24-h-activated CD4� and CD8� T-lymphocytes exhibited an
increased proportion of N-acetyl-neuraminic acid (NeuAc) to
N-glycolyl-neuraminic acid (NeuGc) inN-glycans. Reduced lev-
els of NeuGc on the surface of activated T cells were demon-
strated using an antibody specific for NeuGc and the expression
levels of the gene encoding NeuAc- to NeuGc-converting
enzyme, CMP-NeuAc hydroxylase, were also reduced. Siglec-E
bound a wide range of sialylated structures in glycan arrays, had
a preference for NeuAc versus NeuGc-terminated sequences
and could recognize a set of sialoglycoproteins that included
CD45, in lysates from activated T-lymphocytes. Collectively,

these results show that early in T cell activation, glycan remod-
elling involves a switch fromNeuGc- to NeuAc-terminating oli-
gosaccharides on cell surface glycoproteins. This is associated
with a strong up-regulation of siglec-E ligands, which may be
important in promoting cellular interactions between early acti-
vated T-lymphocytes and myeloid cells expressing this inhibi-
tory receptor.

T lymphocytes occupy a central position in the immune sys-
tem, driving adaptive immunity in response to the specific rec-
ognition of antigens on tumors, infected cells and antigen-pre-
senting cells such as dendritic cells and macrophages.
Following their maturation in the thymus, T-lymphocytes dif-
ferentiate into several subsets, each with a distinct effector or
regulatory function. These processes are accompanied by alter-
ations in cell-surface glycosylation involving a host of glycosyl-
transferases and glycosidases. Several groups have reported
marked changes in the sialic acid signature of glycoprotein
N- and O-linked glycans, a process mediated by various sialyl-
transferases (1–6). These changes influence T-lymphocyte
interactions with endogenous mammalian carbohydrate-bind-
ing proteins (lectins) such as selectins, galectins, and sialic acid-
binding immunoglobulin-like lectins (siglecs),4 which in turn
regulate T-lymphocyte functions such as trafficking, intracellu-
lar signaling, and apoptosis (7–12).
Siglecs are a family of sialic acid-binding immunoglobulin-

like lectins expressed primarily on cells of the hematopoietic
and immune systems where they mediate both signaling func-
tions as well as cell-to-cell interactions (13). Siglecs are charac-
terized by their recognition of sialic acids including N-acetyl-
neuraminic acid (NeuAc) and N-glycolyl-neuraminic acid
(NeuGc) in the�2,3-,�2,6-, and�2,8- linkages and display both
unique as well as overlapping glycan-specificity profiles. As
such, siglecs bind sialylated endogenous ligands both in cis on
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the same cells and in trans on other cells, as well as exogenous
ligands expressed on several pathogens (14–17).
In humans andmice,mostT-lymphocytes donot express any

siglecs and therefore alterations in T cell sialic acids are more
relevant for trans-interactions with siglecs expressed on other
cells. These could be important for promoting cross-talk
between the innate and adaptive immune systems. The mac-
rophage-restricted siglec, sialoadhesin (Sn, siglec-1), is thought
to play a role in mediating T cell interactions and shows a pref-
erence for �2,3-linked NeuAc, a terminal modification of sialy-
lated O-linked glycans on sialomucins such as its putative
T-lymphocyte counter-receptor, CD43 (18). Recent findings
support a role for Sn in suppressing regulatory T cell expansion
via sialic acid-dependent interactions and exacerbating inflam-
matory responses in experimental autoimmune encephalomy-
elitis (19).
CD22 (siglec-2) and most CD33-related siglecs such as

murine siglec-E and siglec-F function as inhibitory receptors
(20–22), suppressing activation signals by recruiting tyrosine
phosphatases SHP-1 and SHP-2 via cytoplasmic immunore-
ceptor tyrosine-based inhibitory motifs. The B-lymphocyte-re-
stricted receptor CD22 is specific for �2,6-linked sialic acids
(23, 24), the recognition of which forms the basis for cis-inter-
actions with neighboring CD22 molecules, IgM and CD45 on
B-lymphocytes and trans interactions with glycoproteins on T
cells (25–27). Siglec-F is expressed on eosinophils and alveolar
macrophages and in glycan arrays it binds preferentially to sia-
lyl Lewis X (sLex) sulfated at position 6 of the galactose and is
referred to as 6�-sulfo to distinguish it from sulfation at position
6 of the N-acetylglucosamine, 6-sulfo (28–30). An up-regula-
tion of siglec-F expression on eosinophils and that of its ligands
in airway epithelium during allergic inflammation has pointed
to its possible roles as an inhibitory receptor in controlling eosi-
nophil-mediated allergic responses (31–34). Siglec-E is closely
related to human siglecs-7 and -9 and is expressed on neutro-
phils, dendritic cells, and activated macrophages (22, 35). In
previous limited analyses, siglec-E bound more strongly to
�2,8-disialic acid than to �2,3-sialyllactose and weakly to �2,6-
sialyllactose presented on polyacrylamide (35). The binding
pattern to naturally occurring glycolipids, gangliosides, differed
from that of siglecs-7 and -9 (36). Regulated expression of
siglec-E in myeloid cells like macrophages and dendritic cells
may be important in control of cellular activation, for example
by suppressing NF-�B activation downstream of Toll-like
receptor activation (22, 37).
Given that alterations in cell surface sialylation of activated

T-lymphocytes may influence trans-interactions with siglecs
on other cells, we investigate here the binding of soluble forms
(recombinant Fc-fusion proteins) of CD22 and the myeloid
siglecs to resting and activatedmurine T-lymphocytes. In com-
parison with CD22, Sn, and siglec-F, we demonstrate that
siglec-E is unusual in showing a dramatic up-regulation in bind-
ing to 24-h-activated T-lymphocytes. N-glycan profiling by
mass spectrometry shows an increase of NeuAc to NeuGc
ratios in activated T-lymphocytes. This is accompanied by a
reduced expression of the CMAH enzyme required for NeuAc
to NeuGc conversion and a reduced NeuGc-immunoreactivity
at the cell surface. These findings, together with the preference

of siglec-E for NeuAc over NeuGc, indicate that rapid glycan
remodeling during early T cell activation can lead to selective
high avidity interactions with siglec-E that may be important in
cross-talk between the innate and adaptive immune systems.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant Siglec-Fc Fusion
Proteins—Fusion proteins comprising the Fc portion of human
IgG1 and the extracellular region of either siglec-E, siglec-F,
CD22, or the first 3 extracellular domains of Sn (Sn(1–3)) were
stably expressed in CHO cells as described previously (28) and
their concentrations determined by ELISA. For some experi-
ments including Biacore and affinity isolation, proteins were
purified by affinity chromatography on protein G-Sepharose
(Sigma Aldrich).
Isolation, Activation, and Culture of Murine Splenic

T-lymphocytes—Spleens were harvested from 4–8 week old
C57/Bl6 mice maintained under specific-pathogen-free condi-
tions. Splenocytes were isolated following red blood cell lysis
using standard protocols. For experiments involving the fluo-
rescence-activated cell sorter (FACS) analysis of antibody and
lectin binding, splenocytes were activated for 24 h with 100
ng/ml soluble hamster anti-mouse CD3 and anti-mouse CD28
(Invitrogen) and subsequently cultured for up to a total of 5
days in RPMI1640�L-glutamine supplemented with 10% fetal
bovine serum, 100 units/100 �g penicillin/streptomycin
(GIBCO), 50 �M 2-mercaptoethanol and 20 ng/ml IL-2
(Novartis) at 37 °C, 5% CO2 in a humidified atmosphere. Acti-
vation was confirmed following labeling of naive and activated
cells with fluorescein isothiocyanate (FITC)-conjugated ham-
ster anti-mouse CD69 (Invitrogen). For all other analyses,
CD4� and CD8� T-lymphocytes were isolated using a Pan-T
cell isolation kit followed by Automated Magnetic Activated
Cell Sorting (AutoMACS) (Miltenyi Biotec). Sorted, pooled
T-lymphocytes were then activated for 24 h using 1.0 �g plate-
bound hamster anti-mouse CD3 and anti-mouse CD28 in the
samemedium and under the same conditions as described pre-
viously. Activated cells were transferred from antibody-coated
to uncoated plates and allowed to grow in the samemedium for
a further 4 days in the presence of 20 ng/ml IL-2.
FACS Labeling and Analysis of T-lymphocytes—Cells ob-

tained as described above were treated with Vibrio cholerae
sialidase (Sigma Aldrich) in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco) for 2 h at 37 °C. Control cells were
incubated under the same conditions without enzme addition.
To assess the sensitivity of siglec-E-Fc binding to proteinase K
treatment, splenocytes were incubated at 37 °C for 60 min with
0.1 mg/ml proteinase K (Sigma) in DMEM. For labeling with
siglec-Fc chimeras, 1 �g/ml serum-free culture medium super-
natant containing siglec-E-Fc, siglec-F-Fc, Sn(1–3)-Fc or
CD22-Fc fusion proteins was pre-complexed for 30 min on ice
with 1/3000 FITC-conjugated goat anti-human Fc IgG (Sigma
Aldrich). Cells were then incubated with pre-complexes for 30
min on ice together with 1/100 R-PE-conjugated rat anti-
mouse CD4 and allophycocyanin-conjugated rat anti-mouse
CD8 antibodies (Invitrogen). For plant lectin labeling, cells
were incubated with 1 �g/ml biotinylated Maackia amurensis
leukoagglutinin (MAL) or Sambucus nigra agglutinin (SNA)
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(Vector Labs) followed by a secondary incubation with a 1/200
dilution of FITC-conjugated streptavidin (Vector Labs) for a
further 30 min. To assess cell surface NeuGc expression, cells
were incubated with a 1/500 dilution of chicken anti-Neu5Gc
antibody (Sialix) followed by a secondary incubation with Cy5-
conjugated donkey anti-chicken antibody (Jackson Immunore-
search) according to the manufacturer’s instructions. Cells
were resuspended in phosphate-buffered saline (10 mM phos-
phate buffer, pH 7.4, 150mMNaCl) (PBS) containing 1% bovine
serum albumin and 0.1% NaN3 and events collected using a
FACS Calibur (Becton Dickinson). Data were analyzed using
FloJo software (Becton Dickinson).
N-linked Glycan Profiling of Resting, 24-h-activated

and 24-h-activated � 4-day-cultured CD4� and CD8�
T-lymphocytes—Resting and 24-h-activated T cells were puri-
fied using a Pan-T cell isolation kit and AutoMACS (Miltenyi
Biotec). CD4� and CD8� T cells were then purified by FACS
using Becton Dickinson FACS Vantage. CD4� and CD8� T
cells from 24-h-activated and 4-day-cultured T lymphocytes
were isolated using CD4� and CD8� T cell isolation kits
(Miltenyi Biotec). Purity was confirmed by flow cytometry
using R-phycoerythrin-conjugated rat anti-mouse CD4 and
allophycocyanin-conjugated rat anti-mouse CD8 antibodies.
Between 5 � 106 and 107 purified cells were processed as
described previously (38). Briefly, each sample was subjected to
homogenization in extraction buffer (25 mM Tris, 150 mM

NaCl, 5 mM EDTA, and 1% (3-[(3-cholamidopropyl)dimethyl-
ammonio]-1-propane sulfonate, CHAPS at pH7.4), followed by
reduction in 4 M guanidine-HCl (Pierce), carboxymethylation
and trypsin digestion. Digested glycoproteins were purified on
C18-Sep-Pak columns (Waters Corp, Hertfordshire, UK).
N-Glycans were released by PNGase-F (Roche) digestion and
then permethylated using the sodium hydroxide procedure.
Finally, the permethylatedN-glycans were purified onC18-Sep-
Pak columns. Methanol-solubilized permethylated samples
were premixed with matrix (20 mg/ml 2,5-dihydroxybenzoic
acid (DHB) in 70% v/v aqueousmethanol), spotted onto a target
plate and dried under vacuum. MS data were acquired using a
Voyager-DE STR MALDI-TOF (Applied Biosystems). MS/MS
data were acquired using a 4800 MALDI-TOF/TOF (Applied
Biosystems)mass spectrometer. The collision energy was set to
1 kV, and argon was used as collision gas. The 4700 Calibration
standard kit, Calmix (Applied Biosystems), was used as the
external calibrant for the MS mode of both instruments and
human [Glu1] fibrinopeptide B (Sigma Aldrich) was used as an
external calibrant for the MS/MS mode of the MALDI-TOF/
TOF instrument. The MS and MS/MS data were processed
using Data Explorer 4.9 Software (Applied Biosystems). The
spectra were subjected to manual assignment and annotation
with the aid of the glyco-bioinformatics tool GlycoWorkBench
(39). The proposed assignments for the selected peaks were
based on 12C isotopic composition together with knowledge of
the biosynthetic pathways. The proposed structures were then
confirmed by data obtained fromMS/MS experiments.
Real-time RT-PCR Analysis of CMAHGene Expression—To-

tal RNAwas isolated from resting (0 h), activated (12 h and 24h)
and 24-h-activated � cultured (48 h total) pooled T-lympho-
cytes using the RNeasy mini kit (Qiagen) and reverse tran-

scribed using a Quantitect reverse transcription kit (Qiagen).
Complementary DNA was analyzed in triplicate by real-time
PCR amplification using Power SBYR Green PCR master mix
(Applied Biosystems) on StepOne Plus (Applied Biosystems).
Melt-curve analysis was performed to ensure mRNA-specific
fragments were amplified and data were analyzed using the
��CTmethod, with 0 h values set as calibrator and expression
normalized toGAPDH. Primers:GAPDH-5�-CAACTCCCAC-
TCTTCCACCTTCG-3�, 5�-GTAGGGAGGGCTCAGTGTT-
GGG-3�;CMAH-5�-GGTGGTCAGGATGATTGAAACAGA-
TG-3�, 5�-CCACCCGGCTATGGATTTCTTC-3�.
Glycan Array Analyses—Microarrays were composed of lip-

id-linked oligosaccharide probes: neoglycolipids (NGLs), pre-
pared by reductive amination (40) or oxime ligation (36), and
glycolipids, mostly representing mammalian type sequences,
N-glycans, glycolipids, and the backbones and peripheral
regions of O-glycans. These were robotically printed on nitro-
cellulose-coated glass slides using a non-contact instrument, as
described previously (41) (supplemental Table S1). For siglec-
E-Fc binding, the results of 18 non-sialylated and 83 sialylated
oligosaccharide probes at 7 fmol per spot are shown in Fig. 5.
For chicken anti-NeuGc and the control chicken antibody
(both from Sialix), a different (more recent) version of the
microarray was used; results of the 18 non-sialylated and 102
sialylated oligosaccharide probes at 5 fmol per spot are shown
in supplemental Table S1.
The microarray binding assays were performed at 19–20 °C.

Siglec-E-Fc binding was assayed as described previously (29,
36). In brief, the arrayed slides were blocked for 1 hwith 1%w/v
BSA (Sigma lot A8577) in Casein Blocker solution (Pierce, Lot
GC95833) (casein/BSA). Siglec-E-Fc chimera was pre-com-
plexed with biotinylated anti-human-IgG (Vector) at a 1:3 ratio
w/w for 1 h before applying onto the slides at a final concentra-
tion of 1.2 �g/ml. Binding was detected with Alexa-Fluor 647-
labeled streptavidin (Molecular Probes) at 1 �g/ml in blocker
solution. For the analyses of chicken anti-NeuGc and the con-
trol chicken antibody, the arrayed slides were blocked for 1 h
with fish gelatin blocker (Sialix) at a 1:80 dilution in PBS for 1 h
before overlaying and incubating for 90 min with the chicken
anti-NeuGc or the control chicken antibody at a 1:500 dilution
in the blocking solution. Bindingwas detectedwithCy5-labeled
donkey anti-chicken antibody (Jackson Immunoresearch) at a
1:500 dilution in the blocking solution.Microarray data analysis
was performed with dedicated software (42).
Surface Plasmon Resonance (SPR) Analysis—Biotinylated

glycoconjugates (provided by the Consortium for Functional
Glycomics) were dissolved in PBS and immobilized on strepta-
vidin-coated CM5 sensor chips at 25 °C (150–250 response
units) (Biacore). Purified siglec-E-Fc, prepared in running
buffer (PBS supplemented with 0.005% Tween-20 and 0.1
mg/ml BSA) was injected over all four chip surfaces at 10 dupli-
cate concentrations ranging from 28 nM to 14.3 �M at 25 °C.
Binding was assessed for 60 s at a flow rate of 50 �l/minute
using a Biacore T100 biosensor (Biacore). In each experiment,
immobilized NeuAc�2,3[NeuAc�2,3Gal�1,3GalNAc�1,4]-
Gal�1,4Glc�spNH-LC-LC-Biotin (GD1a) served as a positive
control and immobilized LacNAc�spNH-LC-LC-Biotin and
Lac�spNH-LC-LC-Biotin served as negative controls for Lac-
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NAc- and Lac-containing glycoconjugates respectively, where
sp is a 2-azidoethyl spacer and LC is a long-chain spacer arm of
30.5 Å that reduces steric hindrance (Pierce Protein Research
Products).
Sialidase Treatment, Surface Biotinylation, and Lysis of 24-h-

activated T Lymphocytes—Following 24 h of activation of
MACS-purified T-lymphocytes, cells were harvested and
treated with Vibrio cholerae sialidase as described above or left
untreated. Cells were surface-biotinylatedwith Sulfo-NHS-LC-
Biotin (Pierce) in PBS pH 8.0 for 30min at 4 °C. Unlabeled cells
were treated in the same way in the absence of labeling reagent.
Cells were then lysed in 20 mM Tris pH7.4 containing 150 mM

NaCl, 1.0 mM CaCl2, 2.0 mM MgCl2, 0.3% CHAPS, 1% Nonidet
P-40, 400 �M phenylmethylsulfonyl fluoride and protease
inhibitor mixture (Roche) for 30 min at 4 °C. Lysates were cen-
trifuged at 10,000 � g to remove cell debris and nuclei.
Lectin Precipitations—Purified siglec-E-Fc was pre-com-

plexedwith goat anti-human Fc IgG (SigmaAldrich) for 60min
at 4 °C following which the pre-complex was coupled noncova-
lently to protein G-Sepharose beads (Sigma Aldrich) at a final
concentration of 2.0 mg siglec-E-Fc per ml of settled gel slurry.
Lysates of unlabeled, biotinylated, sialidase-treated, or un-
treated 24 h-activated or unlabeled sialidase-treated or
untreated 24-h activated� 4-day cultured T lymphocytes were
pre-cleared over protein G-Sepharose beads for 2 h at 4 °C and
then incubated for 16 h with pre-complexed siglec-E-Fc-pro-
teinGSepharose. 24 h-activated lysateswere alternatively incu-
bated with MAL-agarose (EY Labs) or SNA-agarose (Vector
Labs) beads. Beads were washed three times in lysis buffer and
bound proteins eluted in reducing SDS-PAGE sample buffer at
95 °C for 5 min.
Lectin and Streptavidin Blots—Proteins were separated on

4–12% NuPAGE Novex Bis-Tris gels (Invitrogen) and trans-
ferred to nitrocellulose membranes. For streptavidin blots,
membranes were blocked with 5% nonfat milk in PBS 0.1%
Tween-20 and then incubated with 1:5000 horseradish peroxi-
dase (HRP)-conjugated streptavidin (Invitrogen) for 60 min at
room temperature. For CD45 blots, membranes were blocked
as above and then probed with 1 �g/ml goat anti-mouse CD45
primary antibody and 1:10000 HRP-conjugated anti-goat IgG
secondary antibody (R&D Systems) and detected as described
previously. For siglec-E-Fc lectin blots, membranes were
blocked with 5% nonfat milk in 20 mM Tris pH 7.4 containing
150 mM NaCl, 1.0 mM CaCl2, 2.0 mM MgCl2 (TSM), and 0.1%
Tween-20. Purified siglec-E-Fc was pre-complexed with HRP-
conjugated goat anti-human Fc� (Invitrogen) in TSM 0.1%
Tween-20 for 60 min at 4 °C. Membranes were then incubated
for 16 h with 20 �g/ml of this pre-complex. Autoradiographic
detection was performed using enhanced chemiluminescence
(Amersham Biosciences-GE).

RESULTS

T-lymphocyte Activation Is Accompanied by a Marked Up-
regulation in the Binding of Siglec-E-Fc—To determine the
impact of T cell activation on the display of siglec ligands, the
binding of a set of FITC-conjugated pre-complexed siglec-Fc
fusion proteins to T-lymphocytes was assessed by flow cytom-
etry. T-lymphocytes were either resting (0 h), or activated with

anti-CD3 and anti-CD28 antibodies for 24 h and then cultured
for up to 4 days in the presence of IL-2 (Fig. 1A). Siglec-E-Fc
binding to restingCD4� andCD8�T-lymphocytes was higher
than that of siglec-F-Fc, Sn(1–3)-Fc and CD22-Fc, and it
showed a marked increase after 24 h of activation, reaching a
peak after 48 h and then declining. In comparison, the plant
lectins MAL and SNA, which bind �2,3- and �2,6-linked sialic
acids respectively, showed low binding to resting and 24 h acti-
vated T-lymphocytes, but a markedly increased binding at 48 h
that declined to baseline at 120 h (Fig. 1B). Siglec-E-Fc binding
was abolished following pre-treatment of activated T cells with
sialidase or proteinase K (Fig. 1C) suggesting that the sialylated
ligands were displayed on cell surface glycoproteins.
T-lymphocyte Activation Leads to an Increase in the Propor-

tion of N-Glycans Containing NeuAc Compared with Those
Containing NeuGc—To obtain insights into glycosylation
changes that result in the up-regulation of siglec-E ligands on
24-h-activated T-lymphocytes, glycomic profiling was under-
taken. CD4� and CD8� splenic T-lymphocytes were purified
and theN-linked glycan profiles of resting non-activated, 24-h-
activated and 24-h-activated � 4-day-cultured cells were ana-
lyzed using MALDI-TOF MS and MALDI-TOF-TOF MS/MS
(Fig. 2). Interestingly, with respect to the sialylated glycans in
the N-glycome, activation was accompanied by an increase in
the proportion of NeuAc-terminating N-linked glycans to
NeuGc-terminating glycans. For example, it can be seen in Fig.
2 that following activation, the ratios of the NeuAc containing
biantennary structures atm/z 2966 andm/z 2996 structures are
increased relative to the equivalentNeuGc containing structure
at m/z 3026 s in CD4� cells. Direct comparison of the above
species in each spectrum, summing the bi-antennary N-linked
glycan structures substituted with one or two NeuAc residues
(m/z 2966 � m/z 2996) versus the double NeuGc form (m/z
3026), yielded a ratio of �1:16.2 (NeuAcs:NeuGcs) for the rest-
ingCD4� cells, versus�1:3.8 and�1:4.4 for the 24-h-activated
and 24-h-activated � 4-day-cultured CD4� cells respectively
(�4-fold increase on bi-antennary NeuAcs). Similarly, CD8
cells showed an increased proportion of NeuAc structures at
m/z 2809 andm/z 2996 (for them/z 2996; �1:7.6 and �1:5 for
the 24 h-activated and 24 h-activated � 4 day-cultured CD8�
cells, respectively). Activated CD4� and CD8� cells also
showed an increased abundance of the Gal�1,3Gal epitope (as
shown by an increased abundance ofm/z 2809 tom/z 2839, Fig.
2). Structures corresponding to m/z 2809 and m/z 2839 were
bi-antennary and terminated with NeuAc or NeuGc respec-
tively as well as the Gal�1,3Gal epitope. TheN-glycans of 24-h-
activated CD4� cells also exhibited a reduction in core-fuco-
sylation (as determined by the ratio of m/z 3026 to m/z 2852)
which remained constant after 5 days in culture.
Reduced Expression of NeuGc on T Cells following Activation

Determined with a Specific Antibody—The increased propor-
tion of NeuAc-terminating saccharides over those terminating
with NeuGc seen after T-lymphocyte activation was further
investigated using a commercial chicken anti-NeuGc antibody.
The specificity of the antibody was validated using a glycan
array comprising 102 sialylated and 18 non-sialylated glycocon-
jugate probes (supplemental Table S1). As expected, the
chicken antibody showed strong selectivity for glycosidically
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attached NeuGc with little or no reactivity to NeuAc. An inci-
dental observation was that the antibody showed little or low
binding to internally linked NeuGc in GM1 analogs and a pref-
erence for NeuGc in the �2,6-linkage over the �2,3-linkage.
When used in flow cytometry with fresh and activated

T-lymphocytes, binding of the anti-NeuGc antibody decreased
over time and was inversely correlated with binding of siglec-
E-Fc (Fig. 3, A and B). Activation was accompanied also by
reduced expression of the gene encoding the enzyme CMAH,
which is required for conversion of CMP-NeuAc to CMP-
NeuGc (43) (Fig. 3C). Taken together, these results demon-
strate that early in the activation process, T cells have a reduced

expression of the CMAH enzyme and reduced levels of NeuGc
at the T-lymphocyte surface.
Siglec-E-Fc Shows a Clear Preference for NeuAc over NeuGc

and Binds a Wide Range of Sialyloligosaccharides—We next
asked if the reduced levels of NeuGc on activated T cells could
be correlated with a preference of siglec-E for NeuAc over
NeuGc. This was tested by SPR (Biacore) using purified siglec-
E-Fc with pairs of biotinylated 3� sialyllactose and 3� sialyl-N-
acetyllactosamine oligosaccharides, terminating in either
NeuAc or NeuGc (Fig. 4). In each case, siglec-E-Fc showed a
clear preference for NeuAc over NeuGc, with stronger binding
to 3� sialyllactose than to 3� sialyl-N-acetyllactosamine.

FIGURE 1. Activation of murine T-lymphocytes leads to up-regulation in the binding of siglec-E to cell surface proteins in a sialic acid-dependent
manner. A, T-lymphocytes were activated with anti-CD3 and anti-CD28 for 24 h and then cultured for up to 4 days in the presence of IL-2. Cells harvested at
each time point were incubated with fluorophore-conjugated CD4 (left panel) and CD8 antibodies (right panel) together with a pre-complex of FITC-conjugated
goat anti-human Fc and siglec-Fc. Mean Fluorescence Intensity (MFI) of sialic acid-dependent binding by FACS is shown following subtraction of MFI values for
sialidase-treated cells. B, for the detection of MAL and SNA binding, harvested cells corresponding to each time point were incubated with biotinylated lectin
followed by a secondary incubation with FITC-conjugated streptavidin. C, splenocytes harvested at 24 h were untreated (open histograms) or pretreated with
V. cholerae sialidase (left panel) or proteinase K (right panel) (shaded histograms) and labeled with siglec-E-Fc/anti-Fc-FITC complexes. Data are representative
of at least three independent experiments.
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The glycan binding preference of siglec-E was investigated in
more detail using glycan arrays of lipid-linked probes (Fig. 5,
supplemental Table S1). As predicted, siglec-E did not bind the
non-sialylated oligosaccharides, but gave binding to a broad
range of sialylated probes that have �2,3, �2,6, or �2,8 sialyl
linkages. Among the probes strongly bound are short
sequences (di- and tri-saccharides) terminating with �2,3-
linked NeuAc (sequences depicted in Fig. 5B), in the order:
Hematoside/GM3 (probes #51, #52), 3� sialyl-N-acetyllac-
tosamine (#28), ganglioside GM4 (#50) and 3� sialyllactose
(#20). Of note is the stronger binding to 4-O-acetylated 3� sia-
lyllactose (probe #22) than to the non-O-acetylated analog
(#20). This is consistent with a previous observation (36). It is
interesting that althoughGM4 (NeuAc�2–3Gal-ceramide)was
bound, little or no bindingwas observedwith ring-opened (DH)
NGLs of 3� sialyllactose and 3� sialyl-N-acetyllactosamine
(probes #19, #21, #27). This indicates the importance of pres-
entation of NeuAc�2,3Gal- disaccharide for siglec-E binding.
The NeuGc analog of GM3 (#53) was less strongly bound
than the NeuAc form (probes #51, #52). This is in agreement
with the results of the SPR studies (Fig. 4).
With the series of oligosaccharide probes (Fig. 5C), the influ-

ence of �1,3-fucosylation of Lewisx type on siglec-E binding
could be evaluated, and it was observed to strongly reduce the
intensity of binding (compare probe pairs #33/#37, and #47/
#48). As seen with other siglecs (29), sulfation of the sialyl
Lewisx sequence affected the intensity of siglec-E binding:
6�-sulfation or 6-sulfation had a dramatic enhancing effect on

siglec-E binding (e.g. compare probe #37 with #39 and #41, Fig.
5A). Interestingly, no further increase in binding was observed
when both sulfates were present (probe #43, Fig. 5A).

Depicted in Fig. 5D are NeuAc�2,6-related sequences,
amongwhich the strongest bindingwas to sialyl tetrasaccharide
LSTb having NeuAc�2,6-internally-linked to GlcNAc (probe
#71). When the �2,6-linked NeuAc was at terminal Gal, bind-
ing was only observed with the short sequence, 6� sialyllactose
(probe #64) but not the long sequences (#72-#79) including
sialyl tetrasaccharide LSTc (#72). Siglec-E also bound to
sequences containing both�2,3 and�2,6 sialyl linkages (probes
#80-#82), and again, the binding to the shorter sequence (probe
#80) was stronger than to the longer ones (#81, #82).
Among the sialyl structures that contain �2,8 linkage (Fig.

5D), siglec-E bound polysialic acid series 2- to 11mers (probes
#87-#93), showing strongest binding to short di- or tri- saccha-
rides (probes #87, #88). Good binding signals were observed
with most gangliosides having �2,8-linked disialyl chains
except GD1b (probe #85). The contrast in binding responses of
GT1b (#95) and GD1b (#85) highlights the importance of �2,3-
linked terminal NeuAc residue for siglec-E binding. There was
also a preferential binding to GT1b (#95) over GD1a (#60), and
to GD2 (#84) over GM2 (#54), suggesting that the �2,8 disialyl
branch may contribute to siglec-E binding.
Siglec-E-Fc Binds Multiple Proteins from 24-h-activated

T-lymphocytes in a Sialic Acid-dependentManner—The glycan
binding data showed that siglec-E-Fc bound a wide range of
sialylated ligandswith a preference forNeuAc overNeuGc. The

FIGURE 2. T-lymphocyte activation is accompanied by alterations in the N-glycan profiles with increased proportion of NeuAc- to NeuGc-containing
glycans. Permethylated N-glycans extracted from purified CD4� and CD8� T-lymphocytes, either resting (0 h), following 24 h activation, or following 24 h
activation and 4 days cultivation in IL-2 were subjected to MS and MS/MS. The cartoon structures of selected peaks referred to in the text are illustrated.
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striking up-regulation of siglec-E ligands on activated T cells
that are proteinase K- and sialidase-sensitive could therefore be
explained by a general increase in NeuAc-containing N- and
O-glycans displayed on a wide variety of T cell glycoproteins. It
is also possible that a small subset of glycoproteins displaying
these ligands could act as dominant counter-receptors. To
investigate these possibilities further, siglec-E-Fc pull-down
experiments were carried out using lysates prepared from sur-
face biotinylated, 24-h-activated T cells (Fig. 6A). Sialic acid-
dependent interactions with siglec-E were determined by pre-
treating cells with sialidase prior to biotinylation and lysis. This
revealed that several cell surface proteins ranging from�100 to
�250 kDa were bound by siglec-E in a sialidase-sensitive man-
ner (Fig. 6A, lanes 3 and 4, arrows). The lowermolecular weight
bands present in siglec-E pull-downs from untreated and siali-

dase-treated samples appeared to be present in total cell lysates
(Fig. 6A, lanes 1 and 2) and are therefore likely to represent
proteins nonspecifically bound. In an alternative approach, we
performed siglec-E-Fc overlays on blots of lysates prepared
from 24-h-activated T cells, either untreated or sialidase-
treated prior to lysis (Fig. 6B). This showed again several dis-
crete proteins recognized by siglec-E in a sialidase-sensitive
manner (Fig. 6B, lanes 1 and 2).

To enrich sialylated glycoproteins fromT cell lysates prior to
blotting and siglec-E-Fc overlays, we precipitated glycoproteins
using agarose-coupled MAL and SNA, which have a specificity
for �2,3- and �2,6-sialylated glycans, respectively. In both
cases, siglec-E-Fc bound to proteins enriched with MAL (Fig.
6B, lanes 3 and 4) and SNA (Fig. 6B, lanes 5 and 6) in a sialidase-
sensitivemanner (arrows). These included proteinswith appar-
ent molecular masses ranging from �100 to �250 kDa, similar
to those observed in the siglec-E pull-down experiments (Fig.
6A) as well as proteins migrating at �65–72 kDa. Taken
together, these data suggested that several glycoproteins on T
cells display sialylated ligands recognized by siglec-E-Fc and
argue against a small number of dominant counter-receptors.
Despite numerous attempts, we were unable to identify by MS
the nature of the proteins that were precipitated with siglec-E.
Given that CD45 is a major glycosylated protein expressed on
activated T cells (5), we asked whether this protein was among
those recognized by siglec-E-Fc. To obtain sufficient cells, we
used T cells activated for 24 h and expanded by culture for 4
days (Fig. 6C). The results show that siglec-E-Fc can precipitate
CD45 in a sialic acid-dependent manner.

DISCUSSION

The glycosylation changes that occur during T-lymphocyte
differentiation and activation are of biological interest due to
their potential role in mediating interactions with lectins
expressed by cells of the immune system (7–10, 12). Here we
make the novel observation that 24 h after activation of murine
CD4� and CD8� T-lymphocytes there is a striking up-regula-
tion of ligands for siglec-E, an inhibitory siglec expressed on
neutrophils, dendritic cells and activatedmacrophages (22, 35).
However, the absence of parallel up-regulation of ligands at
24 h for SNA and MAL suggests that the increase in siglec-E
binding was not simply due to increased levels of �2,3- or �2,6-
linked sialic acids recognized by these lectins. MAL and SNA
binding to activated T-lymphocytes remained relatively con-
stant from0h to 24 h and then increased between 24 h and 48 h.
At first sight, these observations may appear incongruous with
previous studies showing in some cases thatT-lymphocyte acti-
vation is accompanied by a decrease in sialylation, especially in
core 1-O glycans of CD8� cells (1–6). However, changes in cell
surface sialylation during T cell activation are likely to be
microheterogeneous, both at the levels ofN- andO-glycans and
glycoprotein backbones. For example, Hernandez et al.
reported that T-cell activation was accompanied by an increase
in ST3GalI-mediated sialylation of core 1-O glycans on
CD45RB (5) and Comelli et al. demonstrated a reduction in
sialylated biantennaryN-glycans in activatedCD4� andCD8�
murine T-lymphocytes with reduced expression of the ST6GalI
gene (6). It should be pointed out that this latter work was

FIGURE 3. Decrease in surface NeuGc immunoreactivity and CMAH gene
expression following T-lymphocyte activation. Resting (0 h), activated (24
h), and activated � cultured (1 day and 4 days) T-lymphocytes were harvested
and the binding of a chicken anti-NeuGc antibody to CD4� (A) and CD8� (B)
cells was assessed by flow cytometry. Also included for comparison are data
from siglec-E-Fc binding shown previously (Fig. 1A). Data are representative
of at least three independent experiments. C, RNA was isolated from pooled
T-lymphocytes at each time point and the expression of CMAH determined in
triplicate relative to a normalized GAPDH control. Data show means � S.D.
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conducted under different experimental conditions from our
own. Cells were cultured with a combination of IL-2 and either
IL-12 or IL-4, promoting either TH1orTH2polarization (6). Fur-
thermore, MALDI-TOF comparisons ofN-glycans as well as lec-
tinbinding studieswerebasedupon the72hcultureof cells in IL-2
and IL-12. It is therefore difficult tomake direct comparisonswith
our work, which did not focus upon a 72 h time point.We cannot
discount the possibility that the decrease in MAL and SNA bind-
ing from 48 h to 120 h is moremarked by 72 h.
To gain insights into early changes in glycosylation, we

undertook N-glycan profiling analyses. Resting T-lymphocyte
profiles were predominantly bi-antennary, core fucosylated
N-glycans, capped with NeuGc as observed previously in the
glycomic analyses of murine splenic CD4� and CD8� T-lym-
phocytes (6). Comelli et al. (6) reported a dramatic decline in the
abundance of NeuGc�2,6Gal�1,4GlcNAc at 72 h following
T-lymphocyte activation, the appearance of Gal�1,3Gal capping
structures in place of NeuGc, and a notable absence of structures
terminated with NeuAc. In contrast, we have shown here that
early in T-lymphocyte activation there was an increased propor-
tion of of NeuAc- versus NeuGc-terminated bi-antennary N-gly-
cans. We did see an increase in Gal�1,3Gal capping structures in
agreement with the previous glycomic analysis (6).
Because MS-based glycomics analysis shows the relative

abundances of glycan structures in total cell lysates, it was
important to use an alternative approach to determine if
NeuGc levels on the T cell surface were decreased following
activation. Using a chicken anti-NeuGc antibody developed

previously (44), antibody bindingwasmarkedly reduced in acti-
vated CD4� and CD8� cells. We are confident this reflects a
decreased level ofNeuGc on the surface of activatedT-lympho-
cytes, as wewere able to examine the specificity of this antibody
toward sialyl sequences in a glycan array containing 75 oligo-
saccharides capped in NeuAc and 8 in NeuGc. This screening
also revealed that the anti-NeuGc antibody has a preference for
glycoconjugates terminating in �2,6-linked NeuGc over �2,3-
linked NeuGc and that there is little or no binding to GM1(Gc)
sequences where the �2,3-linked NeuGc is internal.
CMP-NeuAc is converted to CMP-NeuGc by the enzyme

CMAH prior to transport into the Golgi apparatus where it is
transferred to glycan chain acceptors by various sialyltrans-
ferases. Although we did not measure levels of CMAH protein,
quantitative PCR analysis showed reduced expression of
mRNA encoding this enzyme occurring as early as 12 h follow-
ing T-lymphocyte activation. This suggested that the increased
proportion of NeuAc- to NeuGc-terminated N-glycans was
most likely due to reduced conversion of NeuAc to NeuGc.
Using surface plasmon resonance, we showed that siglec-E-Fc
strongly prefers NeuAc over NeuGc containing oligosaccha-
rides and therefore an increased abundance of NeuAc on acti-
vated T cells could be a significant factor leading to the
increased binding of siglec-E.
Several other siglecs including Sn,MAG (siglec-4), CD22 and

Siglec-9 also show a preference for either NeuAc or NeuGc (24,
45, 46). However, NeuGc is largely lacking in humans due to an
irreversible 92 bp inactivating frameshift deletion in the human

FIGURE 4. Siglec-E-Fc shows a preference for biotinylated glycoconjugates terminating with NeuAc over NeuGc. Biotinylated glycoconjugates possess-
ing LacNAc (A) or Lac (B) backbones units were immobilized on streptavidin-coated sensor chips and siglec-E-Fc binding assessed by SPR. Sensorgrams show
a 2-fold dilution series of purified siglec-E-Fc, starting at the top with 14.3 �M.
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CMAH gene. Although NeuGc can be incorporated into some
tissues and tumor cells from dietary sources, most human tissues
are devoid of an endogenous source ofNeuGc (44, 47, 48).Human
T cells therefore lack NeuGc and potential up-regulation of siglec
ligands in human T cells could not involve the NeuGc to NeuAc
switch shown here for murine T cells.
Besides increased NeuAc expression, additional changes in

glycan structure and/or presentation on protein carriers could
contribute to increased siglec binding to activated T cells in
different species. For example, the glycan array data showed a
dramatic influence of 6- and 6�- sulfation in enhancing siglec-E
binding to the sLex sequence, and it was shown previously that
activated murine T-lymphocytes up-regulate expression of a

candidate sulfotransferase, GlcNAc6ST-1 (6). It is well estab-
lished that sulfationmay act as a positive or negativemodulator
of the binding of proteins of the innate immune system (49–51)
including the siglecs (29): 6�-sulfation of sLex structures greatly
increased the binding of siglecs-8 and -F whereas 6-sulfation of
sLex had an enhancing effect on the binding of siglec-9 (29).
Interestingly, either6-or6�-sulfation led togreatly increasedbind-
ing of siglec-E, and the presence of both sulfates did not increase
binding further. This is rather different from what is seen with
siglec-7 in humans, which binds to both monosulfated analogues
but much more strongly to the disulfated (29). Sulfation was not
detected with the MALDI-MS profiling technique used in this
study and further work is required tomeasure its levels in glycans

FIGURE 5. Carbohydrate microarray analysis of siglec E-Fc. A, binding of siglec E-Fc to a glycan array of 101 lipid-linked oligosaccharide probes. The binding
signals (fluorescence intensities) shown are the mean values at 7 fmol/spot and are indicated together with the probe sequences in supplemental Table S1. The
various types of terminal sialic acid linkage are indicated by the colored panels as defined at the bottom of the panel. B–E, sequences of four groups of
oligosaccharide probes marked in the histogram chart are given in panels as cartoon representations. Symbols used for individual monosaccharides are styled
after the convention of the Consortium for Functional Glycomics, and are indicated in the key at the bottom of the figure. Circled in dash line (in B–E) are probes
that showed little or no binding signals.
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following T cell activation and whether it contributes to the
increased binding of siglec-E to activated T cells.
Siglec-E is a relatively promiscuous sialic acid binding lectin,

binding multiple glycans terminating in �2,3-, �2,6-, and �2,8-
linkages. The glycan array data presented here demonstrated
that siglec-E shares properties in common with siglecs-7, -8,
and -9 and this is consistent with the broad expression of
siglec-E on neutrophils, eosinophils, macrophages, and den-
dritic cells, which also differentially express siglecs-7, -8, and -9
in humans. For example, siglecs-E and -7 both bind well to
�2,8-disialyl oligosaccharides and LSTb having internally
branched �2,6 sialyl residues. A preferred ligand for siglec-9,
GD1a, is also well recognized by siglec-E. Apart from this,
siglec-E also showed some unique preferences to glycans in the
microarray, such as the strong binding to short �2,3 sialyl
sequences, gangliosides GM3 and GM4. The sialic acid speci-
ficity of all siglecs resides within the N-terminal V-set domain
where a critical salt bridge is formed between the carboxylate of
sialic acid and a conserved arginine (Arg126 in siglec-E). In the
case of siglec-7, specificity for �2,8-disialyl and internally
branched �2,6 sialyl residues is conferred by a stretch of six
amino acids NDISWK within the C-C� loop which differs from
the corresponding region in siglec-9 (52, 53). However,
sequence alignments have shown that the corresponding
region of siglec-E (TDRRKD) is not conserved and is therefore
unlikely to account for this shared specificity of siglec-E and
siglec-7. Thus,while siglec-E shares several features in common
with its human counterparts, additional structural differences
in its V-set domain acquired after speciation have conferred it
with unique glycan preferences.
Like many lectins, the binding of monovalent siglecs to their

monomeric glycan ligands is typically of low affinity in the high
micromolar to millimolar range with very fast binding kinetics
(54). Stable interactions therefore require high avidity, multi-
meric complexes. Although siglec-E bound strongly to a broad
range of ganglioside sequences in the glycan array, the attenu-
ation of siglec-E binding to protease-treated cells suggests that

glycolipids are unlikely to be among the functional ligands on T
cells. As short sialyl O-glycans may share motifs with glycolip-
ids, the increased binding of siglec-E to T cells could involve
short clusteredO-glycan ligands onparticular glycoprotein car-
riers. Candidates include the mucin-like protein CD43, which
carries a high density of O-linked glycans, or molecules like
CD45 that carry a high number of both O-linked and N-linked
glycans (5, 55, 56). These proteins have previously been shown
to act as T cell counterreceptors for Sn and CD22, respectively
(18, 57). We used both pull-down and blot overlay approaches
with and without glycoprotein enrichment to try and identify
potential siglec-E glycoprotein counter-receptors on activated
T-lymphocytes. These approaches clearly showed that glyco-
proteins could be recognized in a sialic acid-dependent man-
ner, but a technical problem was high background binding to
the affinity matrices used which made it difficult to enrich spe-
cific glycoproteins to enable MS-based identification. Never-
theless, it is clear that siglec-E recognizes a large number of
glycosylated proteins that include CD45. Their overall patterns
of glycosylation are likely to be important for increased T cell
binding, rather than up-regulation or altered glycosylation of a
small number of dominant glycoprotein counter-receptors.
In conclusion, the present study has provided evidence for a

reduced abundance of NeuGc on activated T lymphocytes. This
may be at least partially responsible for the increase in siglec-E
binding to activated T-lymphocytes. Reduced CMAH expression
alongwithother glycan changesmay accompany an earlier expan-
sion phase following T-lymphocyte activation in the presence of
abundant immune signals. The significance of siglec-E interac-
tionswith sialylated cell surface glycoproteins on activatedT-lym-
phocytes is as yet unclear. Given its role as an inhibitory receptor
on myeloid cells, these trans-interactions in the earlier phases of
the adaptive immune response may generate inhibitory signals in
siglec-E-expressing antigen presenting cells. Alternatively, these
interactionsmay influenceT lymphocyte responses. Studies inves-
tigating these possibilities involving several models based on
siglec-E-deficient mice are currently underway.

FIGURE 6. Siglec-E-Fc binds subsets of sialylated proteins from activated T-lymphocytes. A, purified T cells were activated for 24 h and either untreated or
sialidase-treated and then surface-labeled with biotin. Cell lysates were passed over protein G-Sepharose coupled noncovalently to siglec-E-Fc/anti-Fc com-
plexes and bound proteins eluted with SDS-PAGE sample buffer. Western blots were probed with streptavidin-HRP to detect surface biotinylated proteins.
Arrows indicated proteins that bound to Siglec-E-Fc in a sialidase-sensitive manner (lane 4). B, purified T cells were activated for 24 h and treated or not with
sialidase and lysates passed over MAL or SNA affinity columns. Bound sialylated proteins were eluted with SDS-PAGE sample buffer, separated by SDS-PAGE
and transferred to nitrocellulose. Blots were probed with siglec-E-Fc precomplexed to anti-Fc-HRP. Arrows indicate proteins that are recognized by siglec-E-Fc
in a sialidase-sensitive manner. C, purified T cells were activated for 24 h, cultured for 4 days and treated or not with sialidase. Cell lysates were passed over
protein G-Sepharose coupled noncovalently to siglec-E-Fc/anti-Fc complexes and bound proteins eluted with SDS-PAGE sample buffer. Western blots were
probed with goat anti-CD45 followed by HRP-conjugated anti-goat secondary antibody. The arrow indicates CD45 that is recognized by siglec-E-Fc in a
sialidase-sensitive manner. The other bands represent nonspecifically bound proteins.

Up-regulation of Siglec-E Ligands on Activated Murine T Lymphocytes

OCTOBER 7, 2011 • VOLUME 286 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 34531



Acknowledgments—We thank the contributions of Dr. Jiquan Zhang
during the early stages of this work.We thankDrs.Wengang Chai and
Yibing Zhang for collaboration in the generation and mass spectro-
metric analyses of oligosaccharides and NGL probes, Dr. Robert
Childs for the arraying process, Dr. Angelina Palma for perfecting the
conditions for the more recent version of the microarrays, Dr. Iva
Navratilova for assistancewith SPR,Dr. RosemaryClark for helpwith
flow cytometry, and the Consortium for Functional Glycomics (GM
62116) for providing the biotinylated glycoconjugates used in SPR.

REFERENCES
1. Piller, F., Piller, V., Fox, R. I., and Fukuda, M. (1988) J. Biol. Chem. 263,

15146–15150
2. Priatel, J. J., Chui, D., Hiraoka, N., Simmons, C. J., Richardson, K. B., Page,

D. M., Fukuda, M., Varki, N. M., and Marth, J. D. (2000) Immunity 12,
273–283

3. Toscano, M. A., Bianco, G. A., Ilarregui, J. M., Croci, D. O., Correale, J.,
Hernandez, J. D., Zwirner, N.W., Poirier, F., Riley, E. M., Baum, L. G., and
Rabinovich, G. A. (2007) Nat. Immunol. 8, 825–834

4. Van Dyken, S. J., Green, R. S., and Marth, J. D. (2007) Mol. Cell. Biol. 27,
1096–1111

5. Hernandez, J. D., Klein, J., Van Dyken, S. J., Marth, J. D., and Baum, L. G.
(2007) Int. Immunol. 19, 847–856

6. Comelli, E.M., Sutton-Smith,M., Yan,Q.,Amado,M., Panico,M.,Gilmartin,
T., Whisenant, T., Lanigan, C. M., Head, S. R., Goldberg, D., Morris, H. R.,
Dell, A., and Paulson, J. C. (2006) J. Immunol. 177, 2431–2440

7. Daniels,M.A.,Hogquist, K. A., and Jameson, S. C. (2002)Nat. Immunol. 3,
903–910

8. Haslam, S. M., Julien, S., Burchell, J. M., Monk, C. R., Ceroni, A., Garden,
O. A., and Dell, A. (2008) Immunol. Cell Biol. 86, 564–573

9. Sperandio, M., Gleissner, C. A., and Ley, K. (2009) Immunol. Rev. 230,
97–113

10. Bi, S., and Baum, L. G. (2009) Biochim. Biophys. Acta 1790, 1599–1610
11. Rabinovich, G. A., and Toscano, M. A. (2009) Nat. Rev. Immunol. 9,

338–352
12. Rabinovich, G. A., and Ilarregui, J. M. (2009) Immunol. Rev. 230, 144–159
13. Crocker, P. R., Paulson, J. C., and Varki, A. (2007) Nat. Rev. Immunol. 7,

255–266
14. Jones, C., Virji, M., and Crocker, P. R. (2003) Mol. Microbiol. 49,

1213–1225
15. Avril, T., Wagner, E. R., Willison, H. J., and Crocker, P. R. (2006) Infect

Immun. 74, 4133–4141
16. Carlin, A. F., Chang, Y. C., Areschoug, T., Lindahl, G., Hurtado-Ziola, N.,

King, C. C., Varki, A., and Nizet, V. (2009) J. Exp. Med. 206, 1691–1699
17. Khatua, B., Ghoshal, A., Bhattacharya, K., Mandal, C., Saha, B., and

Crocker, P. R. (2010) FEBS Lett. 584, 555–561
18. van den Berg, T. K., Nath, D., Ziltener, H. J., Vestweber, D., Fukuda, M.,

van Die, I., and Crocker, P. R. (2001) J. Immunol. 166, 3637–3640
19. Wu, C., Rauch, U., Korpos, E., Song, J., Loser, K., Crocker, P. R., and

Sorokin, L. M. (2009) J. Immunol. 182, 6508–6516
20. Ulyanova, T., Shah, D. D., and Thomas, M. L. (2001) J. Biol. Chem. 276,

14451–14458
21. Yu, Z.,Maoui,M.,Wu, L., Banville, D., and Shen, S. (2001)Biochem. J. 353,

483–492
22. Boyd, C. R., Orr, S. J., Spence, S., Burrows, J. F., Elliott, J., Carroll, H. P.,

Brennan, K., Ní Gabhann, J., Coulter, W. A., Jones, C., Crocker, P. R.,
Johnston, J. A., and Jefferies, C. A. (2009) J. Immunol. 183, 7703–7709

23. Powell, L. D., Sgroi, D., Sjoberg, E. R., Stamenkovic, I., and Varki, A. (1993)
J. Biol. Chem. 268, 7019–7027

24. Kelm, S., Schauer, R., Manuguerra, J. C., Gross, H. J., and Crocker, P. R.
(1994) Glycoconj J 11, 576–585

25. Ramya, T.N.,Weerapana, E., Liao, L., Zeng, Y., Tateno,H., Yates, J. R., 3rd,
Cravatt, B. F., and Paulson, J. C. (2010)Mol. Cell Proteomics 9, 1339–1351

26. Han, S., Collins, B. E., Bengtson, P., and Paulson, J. C. (2005) Nat. Chem.
Biol. 1, 93–97

27. Zhang, M., and Varki, A. (2004) Glycobiology 14, 939–949
28. Tateno, H., Crocker, P. R., and Paulson, J. C. (2005) Glycobiology 15,

1125–1135
29. Campanero-Rhodes, M. A., Childs, R. A., Kiso, M., Komba, S., Le Narvor,

C., Warren, J., Otto, D., Crocker, P. R., and Feizi, T. (2006) Biochem.
Biophys. Res. Commun. 344, 1141–1146

30. Guo, J. P., Brummet, M. E., Myers, A. C., Na, H. J., Rowland, E., Schnaar,
R. L., Zheng, T., Zhu, Z., and Bochner, B. S. (2011) Am. J. Respir. Cell Mol.
Biol. 44, 238–243

31. Zhang, M., Angata, T., Cho, J. Y., Miller, M., Broide, D. H., and Varki, A.
(2007) Blood 109, 4280–4287

32. Zimmermann, N., McBride, M. L., Yamada, Y., Hudson, S. A., Jones, C.,
Cromie, K. D., Crocker, P. R., Rothenberg,M. E., and Bochner, B. S. (2008)
Allergy 63, 1156–1163

33. Song,D. J., Cho, J. Y., Lee, S. Y.,Miller,M., Rosenthal, P., Soroosh, P., Croft,
M., Zhang, M., Varki, A., and Broide, D. H. (2009) J. Immunol. 183,
5333–5341

34. Bochner, B. S. (2009) Clin. Exp. Allergy 39, 317–324
35. Zhang, J. Q., Biedermann, B., Nitschke, L., and Crocker, P. R. (2004) Eur.

J. Immunol. 34, 1175–1184
36. Liu, Y., Feizi, T., Campanero-Rhodes, M. A., Childs, R. A., Zhang, Y.,

Mulloy, B., Evans, P. G., Osborn, H. M., Otto, D., Crocker, P. R., and Chai,
W. (2007) Chem. Biol. 14, 847–859

37. Ando, M., Tu, W., Nishijima, K., and Iijima, S. (2008) Biochem. Biophys.
Res. Commun. 369, 878–883

38. Jang-Lee, J., North, S. J., Sutton-Smith,M., Goldberg, D., Panico,M.,Mor-
ris, H., Haslam, S., and Dell, A. (2006)Methods Enzymol. 415, 59–86

39. Ceroni, A., Maass, K., Geyer, H., Geyer, R., Dell, A., and Haslam, S. M.
(2008) J. Proteome Res. 7, 1650–1659

40. Chai, W., Stoll, M. S., Galustian, C., Lawson, A. M., and Feizi, T. (2003)
Methods Enzymol. 362, 160–195

41. Palma, A. S., Feizi, T., Zhang, Y., Stoll, M. S., Lawson, A. M., Díaz-Rodri-
guez, E., Campanero-Rhodes, M. A., Costa, J., Gordon, S., Brown, G. D.,
and Chai, W. (2006) J. Biol. Chem. 281, 5771–5779

42. Stoll, M. S. F. T. (2009) in Proceeding of the Beilstein Symposium on Glyco-
Bioinformatics, 4–8 October, 2009, Potsdam, Germany (Kettner, C., ed)
Beilstein Institute for the Advancement of Chemical Sciences, pp.
123–140, Frankfurt, Germany

43. Chou, H. H., Hayakawa, T., Diaz, S., Krings, M., Indriati, E., Leakey, M.,
Paabo, S., Satta, Y., Takahata, N., andVarki, A. (2002) Proc. Natl. Acad. Sci.
U.S.A. 99, 11736–11741

44. Diaz, S. L., Padler-Karavani, V., Ghaderi, D., Hurtado-Ziola, N., Yu, H.,
Chen, X., Brinkman-Van der Linden, E. C., Varki, A., and Varki, N. M.
(2009) PLoS One 4, e4241

45. Brinkman-Van der Linden, E. C., Sjoberg, E. R., Juneja, L. R., Crocker, P. R.,
Varki, N., and Varki, A. (2000) J. Biol. Chem. 275, 8633–8640

46. Sonnenburg, J. L., Altheide, T. K., and Varki, A. (2004) Glycobiology 14,
339–346

47. Varki, A. (2001) Am. J. Phys. Anthropol. Suppl. 33, 54–69
48. Varki, A. (2008) Trends Mol. Med. 14, 351–360
49. Galustian, C., Lawson, A. M., Komba, S., Ishida, H., Kiso, M., and Feizi, T.

(1997) Biochem. Biophys. Res. Commun. 240, 748–751
50. Galustian, C., Park, C. G., Chai, W., Kiso, M., Bruening, S. A., Kang, Y. S.,

Steinman, R. M., and Feizi, T. (2004) Int. Immunol. 16, 853–866
51. Yuen, C. T., Lawson, A.M., Chai,W., Larkin,M., Stoll, M. S., Stuart, A. C.,

Sullivan, F. X., Ahern, T. J., and Feizi, T. (1992) Biochemistry 31,
9126–9131

52. Yamaji, T., Teranishi, T., Alphey, M. S., Crocker, P. R., and Hashimoto, Y.
(2002) J. Biol. Chem. 277, 6324–6332

53. Attrill, H., Imamura, A., Sharma, R. S., Kiso, M., Crocker, P. R., and van
Aalten, D. M. (2006) J. Biol. Chem. 281, 32774–32783

54. Dam, T. K., and Brewer, C. F. (2010) Glycobiology 20, 270–279
55. Earl, L. A., and Baum, L. G. (2008) Immunol. Cell Biol. 86, 608–615
56. Earl, L. A., Bi, S., and Baum, L. G. (2010) J. Biol. Chem. 285, 2232–2244
57. Stamenkovic, I., Sgroi, D., Aruffo, A., Sy, M. S., and Anderson, T. (1991)

Cell 66, 1133–1144

Up-regulation of Siglec-E Ligands on Activated Murine T Lymphocytes

34532 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 40 • OCTOBER 7, 2011


