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Sarah L. Vanes,* Wolfgang A. Krueger,‡ Valentin Wittmann,† and Daniel F. Legler*,1
*Biotechnology Institute Thurgau at the University of Konstanz and †Department of Chemistry, Chair of
Organic Chemistry/Bioorganic Chemistry, University of Konstanz, Konstanz, Germany; and ‡Klinikum Konstanz, Konstanz, Germany

ABSTRACT

Introduction

The homeostatic chemokines CCL19 and CCL21 and
their common cognate chemokine receptor CCR7 orchestrate immune cell trafficking by eliciting distinct
signaling pathways. Here, we demonstrate that human
CCR7 is N-glycosylated on 2 specific residues in the N
terminus and the third extracellular loop. Conceptually,
CCR7 glycosylation adds steric hindrance to the receptor N terminus and extracellular loop 3, acting as a
"swinging door" to regulate receptor sensitivity and cell
migration. We found that freshly isolated human B cells,
as well as expanded T cells, but not naı̈ve T cells, express
highly sialylated CCR7. Moreover, we identified that
human dendritic cells imprint T cell migration toward
CCR7 ligands by secreting enzymes that deglycosylate
CCR7, thereby boosting CCR7 signaling on T cells,
permitting enhanced T cell locomotion, while simultaneously decreasing receptor endocytosis. In addition,
dendritic cells proteolytically convert immobilized CCL21
to a soluble form that is more potent in triggering
chemotactic movement and does not desensitize the
receptor. Furthermore, we demonstrate that soluble
CCL21 functionally resembles neither the CCL19 nor the
CCL21 phenotype but acts as a chemokine with unique
features. Thus, we advance the concept of dendritic celldependent generation of micromilieus and lymph node
conditioning by demonstrating a novel layer of CCR7
regulation through CCR7 sialylation. In summary, we
demonstrate that leukocyte subsets express distinct
patterns of CCR7 sialylation that contribute to receptor
signaling and fine-tuning chemotactic responses.
J. Leukoc. Biol. 99: 993–1007; 2016.

An effective host defense to any kind of pathogen depends on
highly coordinated processes involving both innate and adaptive
immune responses. Initiation of the adaptive immune response
requires orchestrated migration of antigen-loaded DCs and
T cells to secondary lymphoid organs that relies on the
chemokine receptor CCR7 [1, 2]; CCR7 belongs to the class A of
GPCRs and is expressed on various leukocyte subsets, including
thymocytes, naı̈ve and central memory T cells, regulatory T cells,
NK cells, B cells, and semimature and mature DCs [1]. CCR7 has
2 known ligands: the homeostatic chemokines CCL19 and
CCL21; CCL21 is produced by lymphatic endothelial cells [3]
and immobilized on afferent lymphatic vessels, providing a
guidance cue for DCs to enter into the vessel lumen. In lymph
nodes, CCL21 is expressed and produced by FRCs in the T cell
zone [4] and is additionally presented on HEVs [5]. FRCs also
secret CCL19, although to a lower amount [6].
Although CCL19 and CCL21 bind to CCR7 with similar
afﬁnities [7, 8], suggesting high redundancy, the 2 chemokines
additionally possess deﬁned ligand-speciﬁc activities. For instance, only CCL19 leads to a profound phosphorylation on
intracellular serine/threonine residues of CCR7 [8] via the
recruitment of G protein-coupled kinases 3 and 6 [9]. This
results in a robust b-arrestin recruitment and ultimately leads to
receptor desensitization and endocytosis [10, 11]. On the other
hand, only CCL21 binds to mono- and oligosaccharides of the
heparan sulfate type through its unique 32 aa-long C-terminal
extension, of which 12 aa are basic [12, 13]. In vivo, the injection
of a C-terminally truncated version of CCL21 prevented its
immobilization on HEVs and abolished lymphocyte extravasation
[5]. Interestingly, we have reported that DCs are able to cleave
immobilized CCL21 C-terminally to generate soluble CCL21,
forming a new chemokine gradient [14]. Of note, this
C-terminally truncated CCL21 triggered directed migration but
not adhesion [14], pointing to a unique role and specialized
abilities of soluble CCL21.

Abbreviations: 3D = 3-dimensional, Ac 4GalNCyoc = 1,3,4,6-tetra-Oacetyl-2-deoxy-2-((2-methylcycloprop-2-en-1-yl)methoxycarbonylamino)D-galactopyranose, Ac4GlcNCyoc = 1,3,4,6-tetra-O-acetyl-2-deoxy-2((2-methylcycloprop-2-en-1-yl)methoxycarbonylamino)-D-glucopyranose,
Ac4ManNCyoc = N-cyclopropeneacetylatedmannosamine-tetraacylated,
AM = acetoxymethyl ester, CFDA = 6-carboxyfluorescein diacetate,
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For chemokines in general, it has been reported that the
N-terminal domain, preceding the ﬁrst 2 of 4 conserved
cysteines, is key for receptor activation. Surprisingly, CCL19 and
CCL21 share very little sequence identity in this region [15].
Despite low sequence homology of chemokines at large, NMR
and crystallography studies revealed a conserved, overall 3D
structure [16, 17]. Consequently, the mechanism of receptor
activation by chemokines appears to be conserved and has led to
the so-called 2-step, 2-site model [18–20]. According to this
model, the N-terminal tail of a chemokine receptor ﬁrst binds to
the chemokine (site1), followed by the transition of the chemokine to the second binding site (site2) composed of the ECLs and
TM residues of the receptor. Finally, rearrangements in both
chemokine and receptor stabilize the active conformation of the
chemokine receptor, resulting in downstream signaling [18–20].
Recent structural insights of chemokine binding to CXCR4,
however, point to a more versatile receptor plasticity and hence,
ﬂexibility in ligand binding than anticipated previously [20].
Post-translational modiﬁcations of chemokine receptors add to
the complexity of ligand binding. For instance, sulfation of tyrosine
residues of several chemokine receptors, including CCR2, CCR5,
CXCR4, and CX3CR1, were shown to confer an additional negative
charge to the receptor’s N terminus and hence, contribute to
binding to the basic domain of chemokines [21–24]. Moreover,
negative charge can also be introduced by glycosylation of the N
terminus or the ECLs of the chemokine receptor [25–27]. Thereby
glycans, including mono-, oligo-, and polysaccharides, are conjugated to asparagine (N-linked) or serine/threonine (O-linked)
residues. Importantly, N-glycosylation of CXCR4 both at the N
terminus (N11) and at the ECL2 (N176) is necessary for highafﬁnity binding of the ligand [25]. Although CCR5 is not a
substrate for N-linked glycosylation, modiﬁcation of CCR5 with
O-linked oligosaccharides on S6 is essential for CCL3/4 binding [27].
The composition of glycans on glycoproteins is diverse, and
various monosaccharides are added to the growing oligosaccharide chain. The cell glycocalyx is shaped by 2 types of enzymes:
glycosyltransferases that transfer and/or synthesize glycosylated
structures and glycosidases that mediate the removal of glycans
from glycosylated proteins [28]. In particular, sialic acid, a 9
carbon monosaccharide derived from neuraminic acid, is
conjugated to the terminal position of complex N- and O-glycans.
This means that sialic acids on glycoproteins are situated on the
frontline during leukocyte communication and function and
hence, are key for regulating an immune response [28]. The
capping of glycans with terminal sialic acid is mediated by 20
acceptor-speciﬁc sialyltransferases. Interestingly, DC differentiation and maturation are accompanied by signiﬁcant changes in

(continued from previous page)
DC = dendritic cell, ECL = extracellular loop, FRC = fibroblastic reticular cell,
GAG = glycosaminoglycan, GPCR = G protein-coupled receptor, HA =
hemagglutinin, HEK293 = human embryonic kidney 293, HEV = high
endothelial venule, MoDC = monocyte-derived dendritic cell, NA = numerical
aperture, NMR = nuclear magnetic resonance, PBL = peripheral
blood lymphocyte, PLA = proximity ligation assay, PDB = Protein Data Bank
(www.rcsb.org), PNGaseF = peptide-N-glycosidase F, S1P1 = sphingosine-1phosphate receptor 1, ST3/6Gal-I/IV = b-galactoside a-2,3/6 sialyltransferase,
Strep = streptavidin, TM = transmembrane, vMIP-II = viral MIP II, WT = wild-type,
YFP = yellow fluorescent protein
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expression of both sialyltransferases and their counterpart
sialidases [29–33]. For instance, expression of ST3Gal-I and
ST6Gal-I, responsible for a2,3 and a2,6 sialylation, respectively, is
up-regulated signiﬁcantly during human MoDC differentiation
[29]. In contrast, MoDC maturation induces the sialidases Neu1
and Neu3 [30], resulting in an increase in a2,3 sialylation, whereas
a2,6 sialylation is decreased [29, 31]. Hence, changes in sialylation
play an important role in shaping DC functions required for
inducing an efﬁcient immune response. In fact, sialylation
regulates antigen uptake and endocytosis [34, 35], as well as
migration [36–38], of DCs and their interaction with T cells [34,
35, 39, 40]. Of note, ST8Sia-4-dependent polysialylation of
neurophilin-2 facilitates binding of CCL21, resulting in enhanced
DC migration to lymph nodes [37]. Moreover, CCL21 was also
found to bind directly to polysialyl moieties that are up-regulated
upon DC maturation to regulate DC migration [41]. In contrast,
ST3Gal-IV-dependent sialylation was necessary for CXCR2-driven
but not for CCR7-mediated migration [36], pointing to a versatile
role of sialylation in chemokine receptor-mediated cell migration.
Here, we address whether CCR7 is glycosylated and whether the
addition of negative charges through receptor glycosylation
regulates and shapes chemokine-driven signaling events, receptor
endocytosis, and cell migration. By exploiting a combination of
metabolic labeling and site-directed mutagenesis, we demonstrate
that human CCR7 is indeed sialylated at the N terminus and the
ECL3. Moreover, we demonstrate that CCR7 sialylation varies
signiﬁcantly among CCR7-expressing human leukocyte subsets
and that CCR7 sialylation is modulated by glycosidases secreted by
mature MoDCs. Finally, we show that deglycosylated CCR7 is less
susceptible to receptor endocytosis but more sensitive to
chemokine-mediated cell migration.

MATERIALS AND METHODS

Materials
Recombinant human CCL19 and CCL21 were purchased from PeproTech
(Rocky Hill, NJ, USA). Antibodies from the following sources were used:
monoclonal anti-HA-HRP (clone HA7; Sigma-Aldrich, St. Louis, MO, USA);
POD-streptavidin (Jackson ImmunoResearch Laboratories, West Grove, PA,
USA), anti-CCR7 used in PLA (LifeSpan Biosciences, Seattle, WA, USA);
anti-biotin used in PLA (Bethyl Laboratories, Montgomery, TX, USA), and antiCCR7-allophycocyanin, mouse IgG2A isotype control (R&D Systems, Minneapolis,
MN, USA). Glucosidase inhibitors (deoxynojirimycin, castanospermine) were
purchased from Enzo Life Science (Farmingdale, NY, USA).

Construction of expression plasmids
The cloning of pcDNA3-CCR7-enhanced GFP has been described previously
[11]. The pRB-SS-HA-Strep-CCR7 construct was a kind gift of Dualsystems
Biotech (Schlieren, Switzerland). N-terminally, it contains the 25 aa signal
peptide of human albumin, followed by an HA-tag and a double Strep-tag,
followed by human CCR7, starting from aa 24 and ending at aa 378. For
interaction studies, we subcloned this CCR7 construct into pcDNA3,
harboring a C-terminal linker sequence and the YFP1 part of the split YFP
system [42] by PCR using custom-designed primers from Microsynth
(Balgach, Switzerland; 59-GAA TGA ATT CGG CCG CTC GAG ACC ATG AA
and 59-CTA TAT CGA TTG GGG AGA AGG TGG TGG TG). Site-directed
mutagenesis was performed using the QuickChange II site-directed mutagenesis kit (Agilent, Santa Clara, CA, USA), following the manufacturer’s
instructions using primers from Microsynth (N36A 59-GAC GAT TAC ATC
GGA GAC GCC ACC ACA GTG GAC TAC AC and 59-GTG TAG TCC ACT

GTG GTG GCG TCT CCG ATG TAA TCG TC; N292A 59-GAC GGT GGC
CAA CTT CGC CAT CAC CAG TAG CAC C and 59-GGT GCT ACT GGT GAT
GGC GAA GTT GGC CAC CGT C). Mature, full-length and mature C-terminally
truncated CCL21 (aa 24–98) were subcloned into pET-6His-SUMO by PCR using
custom-made primer pairs from Microsynth (CCL21 59-CCA GTG GGT CTC
AGG TGG TAG TGA TGG AGG GGC TCA GGA CTG TTG C and 59-CCG CTC
GAG CGG CTA TGG CCC TTT AGG GGT CTG TG; soluble CCL21 59-GAC
ACC ATC CCC ACA GGA CTA CAA GGA CGA CG and 59-CGT CGT CCT TGT
AGT CCT GTG GGG ATG GTG TC) and pcDNA3 CCL21-Flag as a template.

Isolation of primary human cells, cell lines,
and transfection
Blood donation for research purposes was approved by the local ethics
committee, and individual donors gave written consent. PBMCs from healthy
donors were enriched by density gradient centrifugation on Ficoll-Paque Plus
(Amersham Biosciences, GE Healthcare Bio-Sciences, Piscataway, NJ, USA).
Monocytes were separated from PBLs by use of anti-CD14-conjugated microbeads (Miltenyi Biotec, San Diego, CA, USA). Monocytes (2 3 106 cells/ml) were
then differentiated to immature MoDCs in serum-free AIM-V (Gibco; Thermo
Fisher Scientiﬁc, Grand Island, NY, USA), supplemented with 50 ng/ml IL-4 and
50 ng/ml GM-CSF (PeproTech), as described previously [43]. On d 6, immature
MoDCs were harvested and matured for 2 d in IL-4/GM-CSF-containing medium
by addition of the cytokine cocktail, comprising 20 ng/ml TNF-a, 20 ng/ml IL-6,
and 10 ng/ml IL-1b (PeproTech) in the presence or absence of 1 mg/ml PGE2
(Cayman Chemical, Ann Arbor, MI, USA). Untouched, naı̈ve CD4+ T cells were
isolated from PBLs by negative selection by use of the naı̈ve CD4+ T cell isolation
kit II (Miltenyi Biotec). PBLs and CD3+-sorted (Miltenyi Biotec) T cells were
cultured in RPMI-1640 medium, supplemented with 2% human AB serum
(Lonza, Basel, Switzerland). Where indicated, CD45RO+ T cells were isolated
from PBLs by use of anti-CD45RO MicroBeads (Miltenyi Biotec). Effector T cells
were obtained by culturing CD3+-sorted cells for 7 d on anti-CD3/anti-CD28coated dishes, as described [44].
CD19+ B cells were isolated from PBLs by positive selection (Miltenyi
Biotec) and cultured in RPMI-1640 medium, supplemented with 2% human
AB serum (Lonza). HEK293 cells and stable HEK293 (mutant) CCR7
transfectants were grown and maintained in DMEM, containing 10% FCS
(Lonza). HEK293 cells were transiently transfected by TransIT-LT1 (Mirus
Bio, Madison, WI, USA), according to the manufacturer’s protocol.
Cells (300-19 pre-B) were stably transfected with CCR7 constructs, as
described [11, 45], and cultured in RPMI-1640 medium, supplemented with
10% FCS, 1% nonessential amino acid, and 0.5% 2-ME (Lonza).

Production of recombinant chemokines
The production of CCL21 and soluble CCL21 has been described previously
[14]. In brief, human mature, full-length (aa 24–134) and C-terminally
truncated CCL21 (aa 24–98) in pET-6his-SUMO-1 were transformed into
Escherichia coli B834(DE3)pLysS (Novagen, Madison, WI, USA), disrupted
using a French press (Constant Systems, Kennesaw, GA, USA); supernatants
were loaded on a HisTrap HP column (GE Healthcare Life Sciences) and
washed, and bound proteins were eluted with PBS containing 500 mM
imidazole using an AKTA Explorer chromatography system (Amersham
Biosciences, GE Healthcare Life Sciences). Eluted fractions were digested with
C-terminal his-tagged, ubiquitin-like-speciﬁc protease-1 at 4°C, followed by
puriﬁcation of the cleaved chemokines on a Zn2+-charged HiTrap immobilized metal ion afﬁnity chromatography fast ﬂow (IMAC FF) column (GE
Healthcare Life Sciences) and an optional gel ﬁltration (HiPrep Sephacryl
S-200; GE Healthcare Life Sciences).

CCL21 for 20 min at 37°C and ﬁxed in 4% formaldehyde. Slides were blocked
using 3% BSA in PBS and stained with Alexa Fluor 568-labeled secondary
antibodies (Life Technologies, Thermo Fisher Scientiﬁc). After extensive
washing, cells were permeabilized using 0.5% saponin, followed by incubation
with Alexa Fluor 488-labeled secondary antibodies (Life Technologies, Thermo
Fisher Scientiﬁc). Slides were mounted using polyvinyl alcohol mounting
medium with 1,4-diazabicyclo(2.2.2)octane (Dabco; Sigma-Aldrich). Confocal
images were acquired on a Leica TCS SP5 II laser-scanning confocal microscope
using a 633/1.4 NA oil-immersion objective (Leica). Quantiﬁcation of
endocytic dots was performed using confocal stacks of 0.13 mm thickness and
the Imaris plug-in for automatic detection of vesicles and ImarisVantage
(Bitplane, Concord, MA, USA).

Migration assays
Cell migration on a 2D substrate was assessed in the 24-well Transwell systems
and polycarbonate ﬁlters with a pore size of 5 mm (Corning Costar, Corning,
NY, USA). In brief, 1 3 105 cells were allowed to migrate for 3 h to the lower
compartment containing graded concentrations of CCL19, CCL21, or soluble
CCL21. Where indicated, cells were pretreated for 1 h with 5 mg/ml puriﬁed
PNGaseF [46] or for 30 min with concentrated supernatants derived from MoDC
cultures (see below). For CCR7 desensitization experiments, cells were preincubated with 0.5 mg/ml chemokines. Migrated cells were harvested, and cell numbers
were determined by ﬂow cytometry. Cells that migrated spontaneously to the lower
compartment in the absence of chemokines were subtracted. For 3D migration,
3 3 105 cells in 200 ml medium were supplemented with 40 ml Matrigel (BD
Biosciences, San Jose, CA, USA) and seeded on top of 5 mm Transwells. The matrix
was polymerized for 10 min at 37°C, and cells were allowed to migrate for 3 h
through the matrix into the lower compartment.

Ca2+ mobilization experiments
Chemokine-mediated changes in intracellular-free Ca2+ concentration were
recorded as described [45]. MoDCs matured in the presence of PGE2, or 300-19
cells, stably expressing variants of CCR7 (106 cells/ml in 145 mM NaCl, 5 mM
KCl, 1 mM Na2HPO4, 1 mM MgCl2, 5 mM glucose, 1 mM CaCl2, 10 mM HEPES,
pH 7.5), were loaded with 1.5 ml/ml Fluo-3/AM (4 mM in DMSO) for 30 min at
37°C. Samples were divided into 500 ml aliquots, and changes in the
ﬂuorescence of Fluo-3 in response to 0.5 mg/ml chemokines or 0.02 mg/ml
ionomycin were acquired for a period of up to 350 s on an LSR II ﬂow
cytometer (BD Biosciences).

Generation of MoDC supernatants
Supernatants of immature MoDCs or MoDCs matured in the presence of
PGE2, derived from up to 20 donors (a total of 200 ml), were concentrated to
20 ml using centricons and dialyzed twice against 5 L PBS in a 10 kD cut-off
Slide-A-Lyzer dialysis cassette (Thermo Fisher Scientiﬁc) for 3 d. Dialyzed and
concentrated supernatants were supplemented with 5% glycerol and stored at
280°C. Before use, supernatants were diluted with 103 MEM (Sigma-Aldrich)
to obtain immature or mature MoDC supernatant medium.

MLR
Puriﬁed human, untouched CD3+ T cells were labeled with Vybrant CFDAsuccinimidyl ester (Molecular Probes, Thermo Fisher Scientiﬁc), according to
the manufacturer’s protocol. Three replicates of 4 3 105-labeled T cells were
seeded in 0.1 ml MoDC supernatant in 96-well plates. Subsequently, 2 3 105
MoDCs in 0.1 ml MoDC supernatant were added and incubated for 4 d at
37°C. T cell proliferation was analyzed by means of CFDA dilution on an LSR
II ﬂow cytometer (BD Biosciences).

Antibody-feeding experiments
CCR7 endocytosis was monitored using the antibody-feeding assay. HEK293
cells, stably expressing HA-tagged CCR7 variants, were starved in serum-free
DMEM for 1 h. Starved cells were pulsed with anti-HA mAb (clone HA7;
Sigma-Aldrich) for 1 h at 4°C in HEPES-buffered medium (DMEM, 25 mM
HEPES, 0.5% BSA, pH 7.4) and washed extensively. Subsequently, cells were
stimulated with 0.5 mg/ml CCL19, 0.5 mg/ml CCL21, or 0.5 mg/ml soluble

Determining CCR7 glycosylation by metabolic labeling
The synthesis of Ac4ManNCyoc, Ac4GalNCyoc, or Ac4GlcNCyoc has been
described elsewhere [47, 48]. Primary human PBLs or HEK293, stably
expressing CCR7 or glycosylation mutants thereof, were preincubated for 48 h
with 50 mM Ac4ManNCyoc, Ac4GalNCyoc, or Ac4GlcNCyoc and subsequently
labeled with 100 mM tetrazin-biotin in the presence or absence of 5 mg/ml
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puriﬁed PNGaseF. Cells were lysed in 10 mM Tris-HCl, 150 mM NaCl, 2 mM
MgCl2, 10% glycerol, and 0.4% N-dodecyl maltoside, supplemented with
proteinase- and phosphatase-inhibitor mix (Roche, Indianapolis, IN, USA), pH
7.5, and HA-tagged CCR7 was immunoprecipitated by use of anti-HA-agarose
(Sigma-Aldrich). The immunoprecipitated proteins were analyzed by Western
blotting using speciﬁc antibodies. Alternatively, CCR7 sialylation was visualized by
metabolic labeling and proximity ligation using reagents from the Duolink PLA
(Sigma-Aldrich), following the manufacturer’s instructions. In brief, Ac4
ManNCyoc and tetrazin-biotin-labeled cells were ﬁxed in 4% formaldehyde on
microscopy glass slides. Cells were subsequently blocked in 3% BSA, washed, and
incubated in primary CCR7, and biotin antibody diluted 1:50 in donkey serum
for 2 h. Slides were washed, and secondary antibodies, harboring short
nucleotide sequences, diluted 1:5 in antibody diluent, were added for 1 h at
37°C. Oligonucleotides were ligated at 37°C, and rolling circle PCR with
ﬂuorescent nucleotides was performed for 2 h. Slides were washed and mounted.
PLA was visualized on a Leica TCS SP5 II laser-scanning confocal microscope
using a 633/1.4 NA oil-immersion objective (Leica). 3D reconstitution was
performed by Imaris using confocal images of 0.13 mm thickness.

Chemokine-mediated ERK1/2 activation
PBLs (13106) or HEK293 cells expressing CCR7 mutants were starved for 2 h
with medium containing 0.5% serum before they were stimulated with 0.5 mg/ml
CCL19, CCL21, or soluble CCL21. Cells were subsequently lysed in 50 mM TrisHCl, pH 7.4, 1% Nonidet P-40, 10 mM EDTA, 100 mM NaCl, 0.1% SDS, 1 mM
Na3VO4, 1 mM NaF, and a proteinase and phosphatase inhibitor mixture
(Roche). Cell lysates were resolved, and SDS-PAGE and Western blot analysis
were performed using indicated antibodies.

Homology modeling of CCR7 in unoccupied, inverse,
agonist-bound, and fully activated state
The solved structure of the CXCR1:CXCL8 complex (PDB 1ILP) was aligned
with the coordinates of CCL21 and CCL19 NMR structure (PDB 2L4N;
2MP1). The CXCR1 N terminus was used as a template; the amino acids were
aligned with CCR7, and the PyMOL mutagenesis plug-in was used to generate
a CCR7:CCL21 model. The sequences of human CCR7 and the b2-adrenergic
receptor were aligned. The structure of the b2-adrenergic receptor in the
unoccupied (PDB 4LDE/blue), inverse, agonist-bound (PDB 2RH1/red), and
fully activated (PDB 3SN6/green) state was used as a template to create a
CCR7 model using the PyMOL mutagenesis plug-in. The glycosylated N
terminus and ECL3 were extracted from the rhodopsin crystal structure (PDB
3CAP) and ﬁtted into the CXCR4:vMIP-II structure (PDB 4RWS) and the
CCR7 model in different states. The alignment of CXCR4, occupied by a
different antagonist, was compiled using PyMOL and solved crystal structures
(PDB 4RWS, 3ODU, 3OE0). The models were manually reﬁned by iteratively
removing bad residue pairing using chimera [49].

Statistical evaluation
Signiﬁcant differences between groups were assessed using ANOVA, with a
Tukey or a Dunnett post-test using GraphPad Prism 6. Signiﬁcance values are
indicated in ﬁgure legends.

RESULTS

CCR7 is N glycosylated on N36 and N292
The chemokine receptor CCR7 and its 2 ligands, CCL19 and
CCL21, are essential for DC and T cell homing. Beside common
activities, biased signaling induced by only 1 of the 2 ligands has
been noted. Structurally, the most obvious difference between
the 2 chemokines is the unique extended and positively charged
C terminus of CCL21, permitting interaction with GAGs. Hence,
it is tempting to speculate that differences in signaling by the 2
ligands might be a result of glycosylation of CCR7 and
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differential binding of the 2 ligands. Evidence for CCR7
sialylation is provided by its afﬁnity to lectin [50]. To verify CCR7
glycosylation, we ﬁrst determined changes in the molecular
weight of CCR7 upon PNGaseF treatment in cells expressing
HA-tagged human CCR7 using SDS-PAGE. PNGaseF treatment
clearly deglycosylated CCR7, as revealed by shifts to lower
molecular weight (Fig. 1A). Bioinformatics analysis of the CCR7
aa sequence by using NetNGlyc (www.cbs.dtu.dk/services/
NetNGlyc) and NetOGlyc (www.cbs.dtu.dk/services/NetOGlyc)
[51, 52] predicted 2 potential N-glycosylation sites, namely N36
in the N terminus and N292 within ECL3 of human CCR7.
Additionally, 2 putative extracellular O-glycosylation sites (T37
and T38) preceding the potential N-glycosylation site (N36)
and 1 potential intracellular O-glycosylation site within the
protein kinase C/A consensus sequence (S365) were predicted
for CCR7. To investigate CCR7 glycosylation experimentally, we
mutated N36 and N292 to alanine and assessed the molecular
weight of these CCR7 mutants in transfected cell lines. The CCR7
N36A mutant possessed a reduced molecular weight similarly to
that of surface deglycosylated WT CCR7 (Fig. 1A). The mutation
of N292 to alanine led to a further reduction of the molecular
weight. An additive effect was observed by mutating both
potential glycosylation sites, and surface degylcosylation by
PNGaseF did not further decrease the molecular weight of the
CCR7 mutants (Fig. 1A). Thus, we demonstrated that human
CCR7 is N glycosylated on N36 and N292.
To advance further our understanding of CCR7 glycosylation
and its regulation, we next exploited a metabolic labeling strategy
using inverse electron-demand Diels-Alder reaction between
methylcyclopropene tags and tetrazines [47, 48]. The feeding of
cells with different tagged sugar moieties enabled us to detect
sialylated CCR7 (Ac4ManNCyoc) and presumed mucin-type
O-glycosylation (Ac4GalNCyoc) or O-GlcNAcylated CCR7 (Ac4
GlcNCyoc; Fig. 1B). The metabolic labeling strategy involved
3 key steps (Fig. 1B): ﬁrst, cells stably expressing CCR7 were fed
with synthetic sugar derivatives, which after being taken up and
deacetylated by esterases, are metabolized and incorporated into
glycoproteins; second, incorporated sugars were covalently
labeled with tetrazine-biotin; ﬁnally, CCR7 was immunoprecipitated to detect incorporated sugars, owing to biotin labeling.
Despite that Ac4ManNCyoc feeding resulted in reduced total cell
numbers, profound labeling of CCR7 with Ac4ManNCyoc but
not with Ac4GalNCyoc and Ac4GlcNCyoc was observed (Fig. 1C).
The labeling with Ac4ManNCyoc can be prevented by surface
deglycosylation with PNGaseF (Fig. 1C), demonstrating that CCR7 is
sialylated in cell transfectants. Moreover, CCR7 labeling with Ac4
ManNCyoc was impaired in CCR7 mutants lacking N-glycosylation
sites and could not be reduced further by surface deglycosylation
(Fig. 1D), further substantiating sialylation of CCR7.
Next, we addressed whether CCR7 is also sialylated in primary
cells. Therefore, we metabolically labeled primary human PBLs
with the engineered sugars. Immunoprecipitation of endogenous
CCR7 clearly revealed that CCR7 in human PBLs is sialylated
(Fig. 1E). A faint band corresponding to the incorporation of the
galactosamine and glucosamine derivate into the CCR7 glycan
forms was observed (Fig. 1E). Taken together, we identiﬁed
sialylation of N36 in the N terminus and of N292 in ECL3 of
human CCR7, both in cell lines and in primary cells.

Figure 1. Human CCR7 is sialylated on N36 and N292. (A) CCR7 is glycosylated on N36 and N292. HEK293 cells stably transfected with Strep-HACCR7 or indicated glycosylation mutants were treated with 5 mg/ml PNGaseF for 1 h or left untreated and lysed, and CCR7 was immunoprecipitated
(IP) using an anti-HA antibody. The molecular weight of CCR7 was determined by Western blotting [immunoblotting (IB)]. Depicted is 1
experiment out of 4 with similar outcomes. Glycosylated CCR7 is speciﬁed by the bracket, whereas deglycosylated CCR7 is indicated by the arrow.
(B) Metabolic labeling strategy. Cells were fed with synthetic sugar derivatives. Sugar moieties are taken up, deacetylated by esterases, metabolized,
and incorporated into CCR7 glycoforms. The glycan structure is labeled using a ligation reaction with tetrazin (Tz)-biotin. (C) N-Glycans of CCR7
are capped with sialic acid. HEK293 cells stably transfected with Strep-HA-CCR7 were fed with Ac4GalNCyoc, Ac4GlcNCyoc, or Ac4ManNCyoc for
48 h, treated with 5 mg/ml PNGaseF for 1 h, or left untreated, and biotin ligation was performed. Cells were lysed, and CCR7 was
immunoprecipitated using an anti-HA antibody. Biotin ligation on CCR7 glycan structure was determined by Western blotting. One experiment out
of 3 with similar outcomes is depicted. (D) Sialic acid caps N36 and N292 glycan structures of CCR7. HEK293 cells stably expressing Strep-HA-CCR7
or the indicated glycosylation mutants were fed with Ac4ManNCyoc for 48 h, treated with 5 mg/ml PNGaseF for 1 h, or left untreated, and biotin
ligation was performed. Cells were lysed, and CCR7 was immunoprecipitated using an anti-HA antibody. One experiment out of 3 with similar
outcomes is depicted. (E) CCR7 is sialylated in primary human PBLs, which were fed with Ac4GalNCyoc, Ac4GlcNCyoc, or Ac4ManNCyoc for 48 h,
and incorporated sugars were labeled with biotin. Cells were lysed, and CCR7 was immunoprecipitated using an anti-CCR7 antibody. Biotin
coimmunoprecipitation was determined by Western blotting. One experiment out of 3 with similar outcomes is depicted. (F) CCR7 sialylation can
be visualized by combining metabolic labeling and PLA. HEK293 cells stably transfected with CCR7 GFP were fed with Ac4ManNCyoc for 48 h,
treated with 5 mg/ml PNGaseF for 1 h, or left untreated; biotin was ligated; and PLA was performed. Afterward, biotin, unused in the PLA reaction,
was stained using streptavidin-Cy5. One experiment out of 5 with similar outcomes is depicted. Original scale bars, 10 mm. CTR, untreated control
cells. (G) CCR7 sialylation in different lymphocyte subsets. PBLs were isolated from healthy donors, and subsequent CD45RO+, CD45RO2, and
CD19+ cells were sorted. In addition, PBLs were activated on plate-bound CD3/CD28 for 7 d to obtain effector T cells. All cell subsets were pulsed
for 48 h with Ac4ManNCyoc, labeled, and PLA was performed. Excessive, ligated biotin was stained using streptavidin-Cy5. One experiment out of at
least 3 experiments with independent healthy donors is depicted. Original scale bars, 10 mm.

Profound differences in CCR7 sialylation on distinct
human leukocyte subsets
As we detected less incorporation of sialic acid into CCR7 in PBLs
compared with HEK293 cells, we wondered whether CCR7
glycosylation varies between cells or whether the CCR7 glycan
structure is cell-type speciﬁc. To test this, we aimed to combine
the metabolic labeling strategy with the PLA technology—later of
which can be used to visualize protein modiﬁcation in situ—to
obtain higher resolution of CCR7 glycosylation. To establish the
combination of these 2 techniques, we fed HEK293 cells
expressing CCR7-GFP with Ac4ManNCyoc and labeled incorporated sugar with biotin. Fixed cells were subsequently stained

with primary antibodies against CCR7, and biotin, before a
rolling circle PCR using ﬂuorescent oligonucleotides, was
performed in situ. Furthermore, excessive biotin was stained with
streptavidin-Cy5. A profound PLA signal for CCR7 sialylation, as
manifested by red ﬂuorescent dots, was found in cells fed with
Ac4ManNCyoc (Fig. 1F). Importantly, surface deglycosylation by
PNGaseF treatment removed not only the streptavidin-Cy5 signal
from the glycan/sialyl structure of CCR7 but also the PLA signal
(Fig. 1F). As expected, no PLA signal was found in cells fed with
Ac4GalNCyoc or Ac4GlcNCyoc (not shown). Hence, we successfully established a method to monitor CCR7 sialylation in situ
with a high resolution on a single-cell level.
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To assess not only which cell types harbor sialylated CCR7 but
also, to determine to what extend CCR7 is sialylated, we pulsed
primary PBLs with a metabolic labeled mannose derivate and
monitored CCR7 sialylation by PLA (Fig. 1G). To our surprise, we
detected sialylated CCR7 only on a subpopulation of human PBLs
(Fig. 1G). To delineate further which PBL subpopulation
expresses sialylated CCR7, we separated freshly isolated CD45RO+
memory/effector from CD45RO2 naı̈ve T cells. Whereas naı̈ve
T cells showed only marginal CCR7 sialylation, a fraction of
CD45RO+ cells stained strongly positive for sialylated CCR7 (Fig.
1G). As CD45RO is mainly expressed on the memory and effector
subtype of T cells, we monitored CCR7 sialylation in PBLs
expanded on anti-CD3/CD28-coated plates, representing effector
T cells. Noteworthy, sialylated CCR7 was found on almost every
CD3/CD28-activated T cell (Fig. 1G). Moreover, CCR7 sialylation
was abundantly detected on sorted CD19+ B cells, although to a
lesser extent than on activated T cells (Fig. 1G). Thus, by
establishing a new technique to monitor CCR7 sialylation, we
found a distinct subpopulation of lymphocytes, namely B cells and
effector T cells, that express high amounts of sialylated CCR7 on
their cell surface.

Dissecting modeled CCR7 glycoforms to address their
functional consequences
To develop models to assess how the CCR7 glycoforms might
inﬂuence CCL21-mediated receptor activation, we aimed to
establish structural models of ligand-occupied and unoccupied
receptors to predict a role for the individual CCR7 sialylation
sites. To model the CCL21/CCL19–CCR7 interaction, we
exploited the solved structure of CXCL8 in complex with a
peptide derived from the N terminus of CXCR1 [53] in combination
with the NMR structures of CCL21 and CCL19 [16, 54]. Accordingly,
N36 of the N-terminal tail of CCR7 is positioned close to a basic
residue patch of CCL21 and CCL19 (Fig. 2A; highlighted in
green), suggesting that an additional negative charge on N36,
provided by its glycosylation, might strengthen the CCR7–CCL21/
CCL19 interaction. Alternatively, bulky branched sugar moieties
might provide steric hindrance hampering chemokine binding
to sialylated CCR7. Of note, the basic residue patch of CCL21
and CCL19 differs in size and shape. Whereas the basic region of
CCL21 constitutes 3 basic residues (R44, K45, R46), the
corresponding region of CCL19 includes only 2 basic amino
acids (R44 and R47). To advance further the predictive power of
our model, we took advantage of the recently published structure
of CXCR4 in complex with the viral chemokine vMIP-II [20],
which is a viral CC-chemokine that highly resembles the structure
of CCL21 (Supplemental Fig. 1A). Unfortunately, parts of the
CXCR4 N terminus are missing from the electron density of the
solved structures [20]. Therefore, conformational predictions of
the ﬁrst glycosylation site are limited. In line with Fig. 2A, the
model predicts a profound interaction between the N terminus
of the receptor and the b3 strand of the chemokine (Supplemental Fig. 1B; green). After initial contacts of the receptor’s N
terminus with the chemokine core domain, the chemokine N
terminus binds deep in the binding pocket of the receptor
(Supplemental Fig. 1B; magenta) that consists of a major and a
minor binding groove [55] (Fig. 2D), resulting in a high-afﬁnity
receptor conformation and ultimately, receptor signaling. To
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predict the involvement of CCR7 N292 in ligand interaction and
to form the high-afﬁnity conformation of the receptor, we
modeled 2 sugar moieties on N292 (analog to K271 on CXCR4;
Fig. 2B). Similar to glycosylation on N36, 2 scenarios can be
predicted: ﬁrst, a negative charge derived from the sialic acid
moieties on N292 could support ligand binding and/or guide the
chemokine into the ligand pocket, or second, steric hindrance as
a result of glycosylation could prevent ligand entry into the
binding pocket. We next aligned CXCR4 structures bound to
different antagonists, namely IT1t (a small molecule), CVX15
(a 16 residue cyclic peptide) [56], and the viral chemokine
antagonist vMIP-II [20]. Whereas IT1t and vMIP-II occupy the
major and minor binding groove of CXCR4, CVX15 binds to the
ligand entry site and the major binding groove [20, 56]. A
comparison of the structures revealed an outward movement of
the N terminus and the N292 residue, depending on the
antagonist binding site (Fig. 2C). To corroborate this notion, we
modeled the CCR7 glycosylation sites according to the solved
structures of the b2-adrenergic receptor in its unoccupied (PDB
4LDE/blue), its inverse agonist-bound (PDB 2RH1/red), and its
fully activated (PDB 3SN6/green) state (Supplemental Fig. 1B).
Based on the comparison of these CXCR4 and adrenergic
receptor structures, we were able to extrapolate and develop
3 major hypotheses: 1) although the overall folding of the TM
domains of GPCRs is highly conserved, the most striking
differences among GPCRs are found in ECL2 and ECL3 that are
thought to direct ligands into the receptor binding pocket. The
additional negative charges provided by glycosylation might
promote the interaction with the basic domains of CCL21 and
hence, facilitate the entry of the chemokine into the binding
groove of the receptor. 2) It has been suggested that the
receptor’s extracellular domains provide additional ligand
selectivity [57]. Hence, glycosylation of the extracellular N
terminus and ECL3 of the receptor would not only add
additional negative charge but also prevent preferential binding
of the chemokine within the binding groove because of steric
hindrance in the region of the N terminus and ECL3 (Fig. 2A
and B). Based on our predictions, the sugar moiety on N292 of
CCR7 folds over the ligand entry site and the major binding
groove (Fig. 2C), thereby acting as a swinging door. This
swinging door principle would allow CCR7 to keep its responsiveness at high chemokine concentrations, however would
be suboptimal at lower chemokine concentrations. 3) The N
terminus of the S1P1 receptor was found to fold over the top of
the receptor, simultaneously contributing to ligand binding, as
well as regulating the access to the binding pocket by forming a
helical cap [58]. Of note, S1P1 receptor N-glycosylation of N30
was found to increase this helical cap without affecting ligand
binding but regulating receptor endocytosis [59]. According to
this, it is possible that CCR7 glycosylation might regulate CCR7
desensitization and endocytosis.

Soluble CCL21 owns unique properties that are distinct
from CCL19 and immobilized CCL21
To test our ﬁrst hypothesis that the negative charges introduced
by CCR7 glycosylation would facilitate the interaction with the
unique, positively charged domain of CCL21, we recombinantly
produced CCL21, lacking the C-terminal tail, harboring the GAG

Figure 2. CCR7 N-glycan structures are folded over ligand entry site and binding groove. (A) Chemokine interaction with receptor N terminus.
CCL21/CCL19:CCR7 interaction was modeled based on the structures of CXCR1:CXCL8 (PDB 1ILP) and CCL21/CCL19 (PDB 2L4N/2MP1). To ensure the
right positioning of chemokine and receptor N terminus, the modeled interaction was superimposed on the CXCR4:vMIP-II structure (PDB 4RWS). CCL21
and CCL19 are shown as surface representation, with basic residues highlighted in green and acidic residues colored in red. Important residues in the receptor
N terminus, represented as sticks, are highlighted in dark red (N36 and Y32). CT, C terminus. (B) Interaction of CCL19 and CCL21 with glycosylated
residues. Structure of CXCR4:vMIP-II (PDB 4RWS) is shown as cartoon representation. CCL21 (PDB 2L4N) and CCL19 (PDB 2MP1) are shown as surface
(continued on next page)
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binding site. Of note, this chemokine variant is generated
proteolytically by DCs and therefore, is referred to as soluble
CCL21 [14]. Surprisingly, soluble CCL21 induced primary
human T cell migration at much lower concentrations compared
with its parental variant (Fig. 3A). Moreover, T cell migration
toward soluble CCL21 reached a sustained plateau of 20% of
migrating cells, whereas a maximum of 60% of migrating cells
was achieved by CCL21 that declined again at higher chemokine
concentrations (Fig. 3A).
These results prompted us to investigate further receptor
activation and downstream signaling elicited by CCL21 and
soluble CCL21. One of the earliest signaling events of
chemokine-triggered receptors is activation of phospholipase C
by the Gbg subunits of the G protein, resulting in an increase of
intracellular inositol trisphosphate and diacylglycerol, and
consecutively, the release of calcium ions from intracellular
stores. Stimulation of human MoDCs with CCL21 induced a
robust mobilization of intracellular calcium that was more
pronounced than for CCL19 (Fig. 3B). The weakest calcium
mobilization was achieved by stimulation with soluble CCL21
(Fig. 3B), pointing again to a unique role of soluble CCL21.
PI3K plays an important role in coordinating chemokine
responses through coupling to downstream effectors, including
activation of ERK and Akt [60]. Interestingly, a bias in ERK1/2
activation upon CCR7 triggering by CCL19 and CCL21 was noted
[8, 9]. In line with these studies, we observed stronger ERK1/2
phosphorylation in primary human PBLs stimulated with CCL19
compared with CCL21 (Fig. 3C). Strikingly and in contrast to Ca2+
mobilization, ERK1/2 activation by soluble CCL21 was elevated
when compared with CCL21 (Fig. 3C).
Moreover, CCL19, but hardly CCL21, is known to induce
receptor internalization [10, 11] (Fig. 3D). Surprisingly, we
detected an intermediate endocytosis rate when we triggered
CCR7 with soluble CCL21 (Fig. 3D). Thus, both soluble
chemokines (CCL19 and soluble CCL21) sequester CCR7 from
the surface, which might be a prerequisite for the cell to migrate
toward higher concentrations of the chemokine, as it provides
the cell with a broader dynamic range of receptor activation. We
next performed desensitization experiments, in which we
pretreated primary human T cells for 30 min with CCL19, soluble
CCL21, or CCL21; removed the chemokines by washing; and
allowed cells to migrate in response to freshly provided CCL19,
soluble CCL21, and CCL21. Pretreatment with CCL19 strongly
desensitized CCR7, as the chemotactic response of the T cells was
reduced signiﬁcantly (Fig. 3E), conﬁrming a previous study [10].
CCL21 pretreatment resulted in T cell desensitization, most
pronounced when cells migrated toward soluble CCL21 (Fig.
3E). However, T cell migration was not affected if cells were
pretreated with soluble CCL21, although soluble CCL21 induced
receptor internalization (Fig. 3E). This observation is consistent
with earlier ﬁndings that the expression level of CCR7 on the
surface of T cells and DCs does not correlate with the migratory

capacity in response to CCL19 and CCL21 [43, 44]. Taken
together, we found that soluble CCL21 is more potent in
inducing chemotaxis but is not as effective as CCL21. Moreover,
stimulation with soluble CCL21 led to a robust ERK1/2 activation
but a weak Ca2+ response, and soluble CCL21 induced low-rate
receptor endocytosis but no CCR7 desensitization. Thus, our data
suggest that the GAG binding site within the C terminus of
CCL21 does not play a major role in recognizing the sugar
moiety of CCR7 but rather, led us to assume that the cleavage of
the basic C terminus of CCL21 (by DCs [14]) creates a new form
of chemokine with unique biologic features. This notion is
further supported by the fact that chemokine binding to the
receptor, as determined by CCL19-Fc binding, was more efﬁcient
in the glycosylation-defective CCR7 mutants (Supplemental Fig. 2D).
Therefore, we excluded our hypothesis that the negative charges
provided by receptor glycosylation redirect the chemokines into
the binding groove.

CCR7 glycosylation mutants demonstrate increased
receptor signaling and enhanced migration
To decipher the functional role of glycosylation, we next
generated lymphocytic cell lines expressing WT CCR7 or CCR7
mutants lacking glycosylation sites and performed 2D and 3D
migration experiments. Surprisingly, cells expressing the CCR7
N292A or N36A mutant migrated signiﬁcantly better in response
to CCR7 ligands compared with WT CCR7, both in a 2D (Fig. 4A)
and a 3D setting (Supplemental Fig. 2B). In line with the results
described above, this increase in cell migration was detected, not
only for CCL21 but also for CCL19 and soluble CCL21,
suggesting that glycosylation of CCR7 at position N292 acts as a
steric factor. To characterize this phenomenon further, we let
cells, expressing WT CCR7 or glycosylation-defective CCR7
mutants, migrate toward graded concentrations of CCL19 (Fig.
4B). As expected, we observed an increase in cell migration of
CCR7 N292A over a wide range of a CCL19 concentration.
Importantly, ablation of both N-glycan structures of CCR7
resulted in completely altered chemotactic behavior (Fig. 4B).
The N36A,N292A CCR7 mutant showed its best migratory
response toward low CCL19 concentrations, and the response
converged with the response curve of WT CCR7 at higher CCL19
concentrations (Fig. 4B). To substantiate this ﬁnding, we
deglycosylated CCR7 by treating primary human T cells with
PNGaseF before assessing their migratory capacity. Notably,
PNGaseF-treated T cells migrated more readily toward CCR7
ligands (Fig. 4C), and the increase in migration was most
pronounced for soluble CCL21 (Fig. 4C).
Next, we determined chemokine-mediated Ca2+ mobilization
in WT CCR7 and its glycosylation-defective mutants and found
that mutating one or both glycosylation sites of CCR7 resulted in
prolonged Ca2+ mobilization, independent of which chemokine
was used (Fig. 4D). Therefore, we next asked whether such a
sustained signaling is also manifested in ERK1/2 activation. To

representation, whereas basic residues are depicted as sticks and colored in green. NT, T terminus; NAC, N-acetyl galactose. (C) Comparison of CXCR4
structures occupied with different antagonists. Model of glycosylated N176 (orange) and N292 (red; CXCR4 K271) residues and receptor N terminus
(green) of different CXCR4 structures. CXCR4:vMIP-II is depicted in light gray, CXCR4: CVX15 in dark gray, and CXCR4:IT1t in white. The receptor is
shown as ribbon. (D) CCR7 helical wheel model conﬁning the ligand entry site and the main ligand binding pocket, with the minor binding pocket
located among the extracellular segments of TM-1, -2, -3, and -7. Highlighted are CCR7 N terminus and ECL3 with its N-glycan structures.
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Figure 3. Soluble CCL21—a chemokine with unique functions. (A) Soluble CCL21 is more potent but less efﬁcient in promoting T cell migration.
Speciﬁc migration of primary blood-derived human T cells in response to a graded amount of puriﬁed CCL21 or soluble CCL21 was determined by
Transwell chemotaxis assays. Mean values and SD from 4 independent experiments of individual donors are shown. (B) Soluble CCL21 stimulation
leads only to limited intracellular Ca2+ mobilization. Human MoDCs were matured by a cocktail of inﬂammatory cytokines (IL-1b, IL-6, TNF-a) for
48-h in the presence of PGE2 to induce CCR7 expression. Fluo-3-loaded MoDCs were stimulated with 0.5 mg/ml chemokines, and changes in
intracellular calcium concentrations were recorded by ﬂow cytometry. Depicted is 1 experiment out of 4 with similar outcomes. (C) Soluble CCL21
induces intermediate ERK1/2 activation in primary human PBLs. Freshly isolated PBLs were stimulated for indicated time points with 0.5 mg/ml
CCL19, CCL21, or soluble CCL21, lysed, and ERK1/2 phosphorylation determined by Western blotting. One out of 4 individual donors is depicted.
(D) Soluble CCL21 promotes CCR7 receptor endocytosis. HEK293 cells stably transfected with Strep-HA-CCR7 were stimulated with CCL19, CCL21,
or soluble CCL21 for 30 min at 37°C, and receptor endocytosis was determined by antibody-feeding experiments and visualized by confocal
microscopy. 3D reconstruction of 0.13 mm confocal stacks and subsequent analysis of endocytic vesicles were performed using Imaris. Plasma
(continued on next page)
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Figure 4. Deglycosylation of CCR7 increases signaling and migration. (A) Mutation of glycosylated residues of CCR7 enhances cell migration.
Speciﬁc cell migration of 300-19 CCR7 transfectants in response to 0.5 mg/ml CCL19 or CCL21 was determined by Transwell chemotaxis assays.
Mean values and SEM from 10 independent experiments are shown. *P , 0.05 (ANOVA with Tukey post-test). (B) Removal of CCR7 N-glycans
creates a more potent receptor. Speciﬁc migration of 300-19 CCR7 transfectants in response to indicated concentrations of CCL19 was determined
by Transwell chemotaxis assays. Mean values and SEM from 7 independent experiments are shown. *P , 0.05 (ANOVA with Tukey post-test). (C)
Deglycosylation of primary T cells enhances CCR7-driven migration. Speciﬁc migration of freshly isolated CD3+ T cells, pretreated with 5 mg/ml
PNGaseF for 1 h in response to indicated concentrations of CCL19, CCL21, or soluble CCL21, was determined by Transwell chemotaxis assays.
Mean values and SD from 4 independent experiments are shown. Lines represent nonlinear ﬁt. **P , 0.01, ***P , 0.001 (ANOVA with Tukey posttest). (D) Deglycosylation of CCR7 prolongs chemokine-mediated intracellular Ca2+ mobilization. Changes in intracellular Ca2+ concentrations of
Fluo-3-loaded 300-19 CCR7 transfectants in response to 0.5 mg/ml CCL19 (top), CCL21 (middle), or soluble CCL21 (bottom) were recorded by
ﬂow cytometry. One experiment out of 3 with similar outcomes is depicted. (E) Deglycosylation of CCR7 enhances chemokine-mediated ERK1/2
activation. HEK293, transfected with CCR7, CCR7 N292A, or CCR7 N36AN292A, were starved for 2 h and subsequently stimulated with 0.5 mg/ml
CCL19, CCL21, or soluble CCL21; lysed; and ERK1/2 phosphorylation determined by Western blotting. One experiment out of 4 with similar
outcomes is depicted.

test this, we stimulated HEK293 cells stably expressing WT CCR7 or
CCR7 glycosylation mutants with CCL19, CCL21, or soluble CCL21
(Fig. 4E). In line with our previous observations, we found that
stimulation of glycosylation-defective CCR7 resulted in a slightly
earlier but not a prolonged ERK1/2 phosphorylation (Fig. 4E and
Supplemental Fig. 2D). This observation could be recapitulated by
determining CCL19-mediated phosphorylation of ribosomal S6
kinase, the cytosolic substrate of ERK1/2 (Supplemental Fig. 2D).
Taken together, we demonstrated that deglycosylation of CCR7
enhanced migration, as a result of an increase in receptor
activation, as evidenced by prolonged Ca2+ response and increased
ERK1/2 activation. Hence, we conclude that CCR7 glycosylation is
not involved in ligand recognition but rather, acts as a gatekeeper
to regulate the access of chemokines, as well as to prevent
chemokine dissociation after entering into the binding pocket.

CCR7 glycosylation contributes to receptor endocytosis
and cell desensitization
As glycosylation of CCR7 is involved in regulating early signaling
events and cell migration, we next determined whether the CCR7

N-linked glycans also controls receptor desensitization and
endocytosis. Hence, we pretreated cell lines expressing CCR7 or
its glycosylation-defective mutants with CCL19 and CCL21,
removed excess of chemokines, and allowed cells to migrate
toward freshly added chemokines. Cells expressing CCR7 N292A
and CCR7 N36A,N292A showed slight differences in receptor
desensitization induced by CCL19 and CCL21 (Fig. 5A). These
ﬁndings support the principle of glycosylation acting as a
swinging door, providing on the one hand steric hindrance for
chemokine entry and on the other hand, retaining entered
chemokines within the binding pocket, keeping the receptor
susceptible for desensitization.
We next determined CCL19-mediated CCR7 endocytosis of
WT and glycosylation-defective CCR7 receptors. Of note, the
endocytosis rate of CCR7 N36A was reduced signiﬁcantly by
;80%, whereas CCR7 N292A behaved similarly to WT CCR7
(Fig. 5B). Thus, we concluded that glycosylation on position N36
in the N terminus of CCR7, similar to glycosylation of N30 on the
S1P1 receptor [59], is predominantly necessary for CCR7
endocytosis.

membrane CCR7 is stained in red, whereas endocytosed CCR7 is visualized in green. Micrograph derived from 4 independent experiments. Original
scale bars, 10 mm. Quantiﬁcation of endocytic dots is represented as box and whisker plot. ***P , 0.001 (ANOVA with Tukey post-test). (E) Soluble
CCL21 does not induce receptor desensitization. Primary human T cells were pretreated with 0.5 mg/ml CCL19, CCL21, or soluble CCL21 for 30 min.
Speciﬁc cell migration in response to 0.5 mg/ml CCL19, CCL21, or soluble CCL21 was determined by Transwell chemotaxis assays. Mean values and SD
from 4 independent experiments of individual donors are shown. *P , 0.05, **P , 0.01 (ANOVA with Dunnett post-test).
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Figure 5. Mutation of N36 in CCR7 N terminus
inhibits CCL19-mediated CCR7 endocytosis. (A)
CCL21-mediated desensitization is impaired in
CCR7 N292A mutant. 300-19 CCR7 transfectants
were pretreated with 0.5 mg/ml CCL19 or CCL21
for 30 min and washed. Speciﬁc cell migration in
response to 0.5 mg/ml CCL19 or CCL21 was
determined by Transwell chemotaxis assays. Mean
values and SD from 6 independent experiments
are shown. (B) Mutation of N36 to alanine in
CCR7 inhibits CCL19-mediated CCR7 endocytosis.
HEK293 CCR7 transfectants were stimulated with
CCL19 for 30 min at 37°C, and receptor endocytosis was determined by antibody feeding and
confocal microscopy. 3D reconstruction of
0.13 mm confocal stacks and subsequent analysis
of endocytic vesicles were performed using Imaris.
Plasma membrane CCR7 is stained in red,
whereas endocytosed CCR7 is visualized in green.
Micrograph derived from 4 independent experiments. Original scale bars, 10 mm. Quantiﬁcation
of endocytic dots is represented as box and
whisker plot. ***P , 0.001 (ANOVA with Tukey
post-test).

Imprinting of T cell responsiveness toward CCR7
ligands boosts CCR7 migration and T cell–DC interaction
The major role of CCL21 and CCL19 is to bring antigenpresenting DCs and cognate T cells into close contact. As it has
been suggested that modulation of the lymphocyte velocity is the
most effective ability of rare antigen-speciﬁc T cells to ﬁnd a
cognate DC and as DCs were found to modulate the intranodal
dwell time [14], we wondered whether a distinct CCR7
glycosylation pattern might account for the reported modulation
and whether DCs secrete glycosidases to modulate CCR7
activities on T cells. To test this, we ﬁrst collected supernatants of
immature and mature MoDCs, derived from up to 20 donors.
The pooled supernatants were concentrated and dialyzed with a
cut-off of 10 kDa to exclude the contribution of peptides and
cytokines. Then, we incubated primary human T cells with the
supernatants of immature and mature human MoDCs before
subjecting the T cells to chemotaxis assays. Of note, the
treatment of T cells with the supernatant of mature MoDCs, but
not immature MoDCs, signiﬁcantly enhanced T cell migration in
response to CCL19, CCL21, and soluble CCL21 (Fig. 6A). As the
effects observed with the supernatant of mature MoDCs resemble
the results obtained by PNGaseF treatment (Fig. 4C), it is
tempting to speculate that human mature MoDCs, but not
immature MoDCs, secrete a glycosidase. To test this hypothesis,
we treated the supernatants of MoDCs with glycosidase inhibitors. In fact, addition of glycosidase inhibitors neutralized the
enhancing effect of supernatants from mature MoDCs on CCR7driven T cell migration (Fig. 6B). To verify the deglycosylation
activity of the supernatants derived from mature MoDCs, we
treated HEK293 cells stably expressing tagged CCR7 with the
MoDC supernatants. The supernatant derived from mature, but
not immature MoDCs, decreased the molecular weight of CCR7
in SDS-PAGE (Fig. 6C). Furthermore, addition of glycosidase
inhibitors prevented CCR7-deglycosylation (Fig. 6C), providing

evidence that mature MoDCs secrete a deglycosylating enzyme.
Finally, we assessed whether the supernatant of MoDCs, owing a
deglycosylation activity, is able to boost the T cell-scanning
process, resulting in increased T cell proliferation. Therefore, we
decided to perform MLRs with CFSE-labeled primary human
T cells and MoDCs from different donors in the presence of
supernatants derived of mature or immature MoDCs. In fact,
T cell proliferation was enhanced in the presence of the mature
MoDC supernatant (Fig. 6D). Thus, we identiﬁed that mature
MoDCs secrete (a) glycosidase(s) that boost CCR7-mediated
migration and possibly the scanning process, resulting in
enhanced T cell proliferation.

DISCUSSION
Glycans decorate the cell surface via glycosylated proteins and
lipids, forming the juncture at which critical host–host but also
host–pathogen interactions occur. Thereby, sialic acids play a
central role in immunity, as this unique sugar moiety usually
occupies the terminal position of the glycan chain, hence linking
extracellular cues with cell responses [28]. To tackle pathogenic
invaders efﬁciently and to limit antigen spread, both innate and
adaptive immune responses work conjointly. DCs preside over
the transition from innate to adaptive repertoires, as they sense
the pathogen and transport pathogen-derived antigens to
draining lymph nodes, where they present them to T and B cells.
Lymph node homing of T cells and antigen-experienced DCs
relies on the chemokine receptor CCR7 and its 2 ligands, CCL19
and CCL21 [2]. Herein, we show that CCR7 sialylation provides
steric hindrance, rendering the receptor less efﬁcient at low
chemokine concentrations. We show that freshly isolated human
blood-derived B cells and in vitro-expanded T cells express high
amounts of sialylated CCR7, whereas CCR7 sialylation can hardly
be detected on naı̈ve T cells. Moreover, we demonstrate that DCs
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Figure 6. DC-driven deglycosylation enhances
CCR7-mediated T cell migration and scanning
process. (A) Mature DC supernatant (SN) boosts
CCR7-mediated T cell migration. Speciﬁc migration of freshly isolated CD3+ cells, pretreated with
immature MoDC SN medium (solid lines) or
mature MoDC SN medium (dashed lines) for 2 h
in response to an indicated concentration of
CCL19 (black), CCL21 (green), or soluble CCL21
(red), was determined by Transwell chemotaxis
assays. Mean values and SD from 5 independent
experiments of individual donors are shown. Lines
represent nonlinear ﬁt. *P , 0.05, **P , 0.01,
***P , 0.001 (t-test). (B) DC-derived glycosidase
accounts for elevated, CCR7-mediated T cell
migration. Speciﬁc migration of freshly isolated
CD3+ cells, pretreated with immature MoDC SN
medium or mature MoDC SN medium for 2 h in
the presence or absence of glycosidase inhibitor
mix (0.25 mg/ml deoxynojirimycin, 0.25 mg/ml
castanospermine) in response to 0.5 mg/ml
CCL19, CCL21, or soluble CCL21, was determined
by Transwell chemotaxis assays. Mean values and
SD from 7 independent experiments of individual
donors are shown. *P , 0.05, **P , 0.01
(ANOVA with Dunnett post-test). (C) CCR7 is
deglycosylated upon incubation with mature
MoDC SN. HEK293 cells, stably transfected with
Strep-HA CCR7, were treated for 2 h with 5 mg/ml
PNGaseF, with immature MoDC SN medium, with
MoDC mature SN medium, with MoDC mature SN
medium together with glycosidase inhibitor mix (0.25 mg/ml deoxynojrimycin, 0.25 mg/ml castanospermine), or left untreated. Cells were lysed, and
CCR7 was immunoprecipitated using an anti-HA antibody. The molecular weight of CCR7 was determined by Western blotting. Depicted is 1
experiment out of 4. (D) Mature MoDC SN enhances T cell proliferation in a MLR. Freshly isolated, human blood-derived CD3+ T cells were labeled
with CFSE and incubated with allogeneic MoDCs in immature MoDC SN medium or mature MoDC SN medium for 4 d. T cell proliferation was
analyzed by ﬂow cytometry. One experiment out of 4 from individual donors is depicted. (E) Schematic representation of how DCs process CCL21 and
CCR7 glycosylation to shape T cell responses.

secrete an enzyme that deglycosylates CCR7 on T cells, thereby
enhancing receptor potency and simultaneously increases its
signaling ability, while inhibiting receptor endocytosis.
In the lymphoid tissues, stroma-derived, immobilized CCL21 is
the most abundant CCR7 ligand. Activated, matured DCs serve as
an additional source of soluble guidance cues by secreting
CCL19 [6] and proteolytically processing immobilized CCL21
[14]. Both soluble chemokines are able to internalize CCR7,
rendering the cells progressively less responsive and thus, capable
of discerning higher CCR7 ligand concentrations, hence providing the cell with a broader dynamic range of receptor
activation. The internalization of surface CCR7 does not
essentially lead to a reduction of maximal signal stimulation but
rather, shifts the dose response such that higher ligand
concentration is needed to trigger the same magnitude of
chemotactic response. T cells, having ﬁnally reached the DCs
presenting cognate antigens, must come to halt. We propose that
this stop signal is provided by soluble CCL19 and soluble CCL21
that cause ligand and receptor sequestration at the leading edge,
thereby rendering the cells progressively less sensitive, until they
stop where chemokine concentration is highest.
Interestingly, DCs have been shown to rearrange their own
surface glycan patterns during their lifespan, as well as that of
neighboring cells, by modulating the expression patterns of
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sialyltransferases and sialidases, resulting in an increase of a2,3sialylation and a decrease of a2,6-sialylation [29–32]. The hereinpresented principle, in which CCR7 sialylation regulates receptor
sensitivity, is conceptually appealing, as receptor sialylation can
be regulated locally and more immediately and is independent of
the comparatively slow and long-lasting regulation of gene
transcription. Likewise, it has been suggested previously that DCs
have an imprinting capacity on the chemokine receptor repertoire
and the homing potential of T cell subsets, most prominently
generated in the mucosa-associated lymphoid tissues [61].
Consistent with the ﬁnding that DCs can down-modulate CCR7
glycosylation, we observed only limited amounts of sialylated
CCR7 on naı̈ve, recirculating T cells, whereas in vitro-expanded
and -activated T cells expressed highly sialylated CCR7. Thus,
modulation of CCR7 glycosylation on T cells by DCs, to modulate
chemotactic responses, could be seen in a larger context and
points toward a more general ability of DCs to shape T cell
migration.
From a cell-biologic perspective, CCR7 deglycosylation could
be an advantage for cells migrating in steep gradients of CCL19
and CCL21 or sparse CCL21 and integrin-ligand coating of the
FRCs that inﬂuence intranodal positioning and also dwell times
of T cells and DCs. For a rare antigen-speciﬁc T cell to ﬁnd its
cognate antigen-presenting DC, it is well accepted that the T cells

modulate their velocity [62]. In vivo, much of the increase in
velocity may be driven by CCL19 and CCL21, secreted by FRC.
An additional layer of regulation may be added by the DC’s
ability to process CCL21 proteolytically, to generate its soluble
form, and by the deglycosylation of CCR7 on T cells, conjointly
resulting in an elevated scanning potential and enhanced T cell
proliferation. The advantages of deglycosylated CCR7, most
prominent at lower chemokine concentrations, might also be
relevant in reactive lymph nodes, where stroma cells produce far
lower amounts of chemokines [63]. Hence, by producing soluble
CCL21 and by secreting glycosidases, DCs are able to establish a
local micromilieu within the reactive lymph node, favoring an
enhanced chemokine sensitivity required for optimal T cell
scanning. After an expansion period, production of homing
chemokines by FRCs and CCR7 expression on T cells are
transcriptionally down-regulated [63], thereby preparing effector
cells to leave the T cell zone of secondary lymphoid organs.
Interestingly, the early up-regulation of CXCR5 on T cells
observed within the ﬁrst 36 h of infection does not trigger T cell
migration into B cell follicles [64]. It appears that the onset of
T cell expansion sets distinct thresholds of CCR7 and CXCR5
responsiveness, enabling a few T cells to enter the B cell
compartment [64]. Again, DCs are the key player in imprinting
the cells to become follicular Th cells, as DC–T cell interaction
determines the balance between CCR7 and CXCR5 signaling
[65]. Whereas the herein-described concept advances the
principles of micromilieus and lymph node conditioning, it also
has limitations: in a more demanding and complex 3D
environment, where integration of multiple extracellular signals
and guidance cues is necessary, the decrease of endocytosis and
desensitization and the prolongation of CCR7 signaling would
more likely impair lymph node homing than help to persist a
polarized chemokine signal in a continued presence of ligands.
Consistent with this notion, DCs need to be fully matured before
they boost CCR7-mediated migration through deglycosylation of
CCR7 and by rendering immobilized CCL21 soluble.
The herein-described down-modulation of CCR7 sensitivity
through glycosylation on N36 and N292 helps to resolve the
dilemma of how B cells are directed toward their B cell zone, in
spite or even because of their expression of CCR7. Whereas
T cells use and depend on CCR7 to home and migrate within
secondary lymphoid organs, naı̈ve B cells also express CCR7,
albeit in lower amounts, and they use this receptor along with
CXCR4 and CXCR5 to enter lymphoid tissues from the blood
[66–68]. Although the CCL21 gradient extends into the B cell
follicle, and the entry of B cells into the B cell follicle is more
efﬁcient when cells express CCR7 [69, 70], migration and
positioning of B cells on follicular DCs are highly dependent on
CXCL13/CXCR5 [68]. Hence, we observed a strong glycosylation of CCR7 on naı̈ve B cells, thereby reducing sensitivity of
CCR7 and shifting the balance of CCR7/CXCR5 signaling. This
would suggest that CCR7 regulation is involved in the correct
positioning of B cells in lymphoid tissues. Upon pathogen
encounter, mature DCs migrate into lymphoid organs, resulting
in lymph node conditioning [71], cleavage of CCL21, and
secretion of glycosidases. Contemporaneously, activation of
B cells via BCRs results in up-regulation of CCR7 on a
transcriptional level [72, 73], but on the other hand, CCR7

deglycosylation would modulate chemokine responsiveness. The
shift in chemokine responsiveness causes activated B cells to
migrate to the T zone, where they become distributed along the
B/T border [72].
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M., Lanzavecchia, A., Sallusto, F. (2003) Regulation of dendritic cell
migration to the draining lymph node: impact on T lymphocyte trafﬁc
and priming. J. Exp. Med. 198, 615–621.
Reif, K., Ekland, E. H., Ohl, L., Nakano, H., Lipp, M., Förster, R., Cyster,
J. G. (2002) Balanced responsiveness to chemoattractants from adjacent
zones determines B-cell position. Nature 416, 94–99.
Pereira, J. P., Kelly, L. M., Xu, Y., Cyster, J. G. (2009) EBI2 mediates B cell
segregation between the outer and centre follicle. Nature 460, 1122–1126.

KEY WORDS:
cell migration signal transduction internalization CCL19/21
dendritic–T cell interaction
•

•

•

•

1007

