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Summary 

The outstanding migratory skills of leukocytes are key to the immunosurveillance of 

peripheral tissues and the initiation of the adaptive immune response against pathogens and 

cancer. On the one hand, dendritic cells (DCs) patrol the periphery in order to ingest, process 

and report antigens and their critical context to cells in secondary lymphoid organs. On the 

other hand, naïve T cells continuously re-circulate between the vascular system and lymph 

nodes in search of their cognate antigen. On pre-determined `streets`, provided by 

fibroblastic reticular cells in secondary lymphoid organs, antigen-loaded DCs and a vast 

number of scanning T cells are brought into close proximity. Upon antigen-recognition, naïve 

T cells undergo priming into an effector state, ready to exert their cytotoxic, helper or 

regulatory function to ultimately eradicate the intruder. CCR7 and its two ligands CCL19 and 

CCL21 are pivotal regulators of above outlined functions and are central for positioning of T 

cells and DCs at the right time to the right place.  

Although significant progress has been made in the elucidation of immunological aspects 

of CCR7 function, detailed insights into the molecular mechanisms underlying CCR7-driven 

directional steering remain to be limited. Herein, we provide evidence that CCR7 is not 

acting as an isolated entity, but establishes multi-protein complexes tailored to cell-specific 

requirements. While CCR7 homo-oligomerization provides a platform for eliciting G-protein-

independent signaling pathways, CCR7 hetero-oligomerization serves to synergistically 

amplify extracellular guidance cues. We further show that guidance cues are spatially and 

temporally resolved via an endomembrane specific signaling complex, which is in turn 

regulated via CCR7 ubiquitylation. Further, we advance the concepts of T cell scanning, by 

demonstrating that CCR7-driven locomotion is highly dependent on extracellular factors. For 

instance, both CCR7 de-glycosylation via DC-dependent glycosidases and TCR engagement 

boost T cell migration towards CCL19 and CCL21, thereby ensuring efficient T cell priming. 

The herein identified new aspects of tight regulation and molecular function of CCR7 helps 

to explain the complex nature of this important immune regulator and sets the groundwork 

for biomedical implications.
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Zusammenfassung 

Die überragende Migrationsfähigkeit von Leukozyten ist der Schlüssel zu einer effizienten 

Immunüberwachung von peripheren Geweben und der Einleitung einer adaptiven 

Immunantwort gegen Krankheitserreger und Krebszellen. Einerseits, patrouillieren 

dendritische Zellen die Körperperipherie um vorhandene Antigene aufzunehmen, zu 

prozessieren und um sie und ihren kritischen Kontext in sekundären lymphatische Organe zu 

melden. Andererseits zirkulieren fortwährend naive T Zellen zwischen dem Gefäßsystem und 

den Lymphknoten, immerwährend auf der Suche nach ihrem vor-bestimmten Antigen. Auf 

durch retikuläre Fibroblasten vorgefertigten `Straßen` kommen antigen-beladene 

dendritische Zellen und eine Vielzahl von suchenden T Zellen in Kontakt. Finden T Zellen das 

für sie bestimmte, auf dendritischen Zellen präsentierte Antigen, durchlaufen sie ein 

Programm das sie auf ihre bevorstehende Aufgabe als Zytotoxische-, Helfer- oder 

Regulatorische- T Zelle vorbereitet, um letzten Endes den Eindringling zu eliminieren. CCR7 

und seine beiden Liganden CCL19 und CCL21 sind existentiell für die Ausübung der 

beschriebenen Funktionen, nicht zuletzt durch ihre zentrale Rolle in der Positionierung von T 

Zellen und dendritischen Zellen zur richtigen Zeit an den richtigen Ort. 

Obwohl erhebliche Fortschritte in der Aufklärung der immunologischen Funktion von 

CCR7 erzielt wurden, sind die molekularen Mechanismen der durch CCR7 vermittelten 

Zellmigration hinlänglich unbekannt. In dieser Arbeit zeigen wir, dass CCR7 nicht als einzeln 

handelnder Rezeptor gesehen werden kann, sondern viel mehr als ein auf zellspezifische 

Anforderung abgestimmter, multiproteinkomplex verstanden werden muss. Während die 

Homo-oligomerisierung von CCR7 eine Plattform bietet auf der G-protein unabhängige 

Signalweiterleitung stattfinden kann, dient die CCR7 Hetero-oligomerisierung von CCR7 zur 

synergistischen Amplifizierung von Richtungsinformationen extrazellulärer Gradienten. Des 

Weiteren zeigen wir, dass diese Richtungsinformationen räumlich und zeitlich über einen 

spezifischen, intrazellulären CCR7-Signalkomplex verarbeitet werden, welcher wiederum 

durch Ubiquitinierung von CCR7 reguliert wird. Darüber hinaus erweitern wir die 

vorherrschende Sicht der T Zell – DC Interaktion, indem wir klar zeigen, dass diese von CCR7 

abhängige Interaktion auch über äußere Faktoren bestimmt wird. Beispielswiese führt 

zusätzlich zur Deglykosilierung von CCR7, mediiert durch von dendritischen Zellen sekretierte 
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Glykosidasen, auch T Zell-Rezeptor Stimulation zu einer verbesserten  T Zell Migration, was 

schlussendlich ein effizientes T-Zell-Priming gewährleistet. Die hier vorgestellten neuen 

Konzepte einer vielschichtigen Regulierung von CCR7 und dessen Funktion, leisten einen 

wichtigen Beitrag zum Verständnis der komplexen Natur dieses wichtigen Immunregulators 

und bilden den Grundstein für mögliche biomedizinische Anwendungen. 



Chapter 1: Introduction 

 

 
8 

Chapter 1 

 

Introduction: Chemokines and Chemokine Receptors – 

positioning cells in health and disease 

Parts of this introduction were published in:  

CCR7: roles in cancer cell dissemination, migration and metastasis formation. 

Legler, DF; Uetz-von Allmen, E; Hauser, MA 

Int J Biochem Cell Biol. 2014 Sep; 54:78-82. Doi: 10.1016/j.biocel.2014.07.002. Epub 2014  

 

 

 

 

 

 

 

 

 

 

Chemokines are pivotal regulator of cell migration during continuous immune 

surveillance, inflammation and development. Chemokine receptors are G-protein 

coupled receptors that read and process spatial information, stored within a 

chemokine gradient. Chemokine binding to their receptors causes conformational 

changes that elicit intracellular signaling pathways to acquire and maintain an 

asymmetrical architectural organization and a polarized distribution of signaling 

molecules. On a cellular level, chemokine receptor triggering results in two main 

responses: (1) integrin activation that causes adhesion to endothelial surfaces and 

(2) polarization of the actomyosin cytoskeleton that generates forward forces to 

migrate along gradients. Leukocytes need the interplay of chemokine triggered 

migration modules to promote amoeba like locomotion. One of the most 

important chemokine receptor for leukocyte migration is the CC-chemokine 

receptor CCR7. CCR7 and its ligands CCL19 and CCL21 control homing of T cells 

and DCs to areas of the lymph nodes where T cell priming and the initiation of the 

adaptive immune response occur. Although the CCR7-CCL19/CCL21 axis evolved 

to benefit the host, inappropriate regulation or utilization of these proteins can 

contribute or cause pathobiology of chronic inflammation, tumorigenesis and 

metastasis, as well as autoimmune diseases. Therefore, it appears as the CCR7-

CCL19/CCL21 axis is tightly regulated at numerous intersections. Understanding, 

the multiple layers of CCR7 regulation holds the promise of contributing to 

biomedical implications.    
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Chemokines – being in the right place at the right time 

Chemokines are chemotactic cytokines that orchestrate the coordinate positioning of 

cells in the body, including immune cells. Chemokines critically influence various processes 

ranging from immune cell development and homeostasis, to initiation of innate and adaptive 

immune responses and the pathophysiological recruitment of immune cells in infection and 

disease. Chemokines constitute the largest family of cytokines, consisting of approximately 

50 endogenous members in humans and mice1. Chemokines can be functionally divided into 

two major groups: those that are expressed upon activation, called inflammatory 

chemokines and those that are expressed in discrete locations in the absence of apparent 

activating stimuli, classified as homeostatic1. The differences between inflammatory and 

homeostatic chemokines are thought to have an evolutionary origin. Inflammatory 

chemokines are clustered on chromosome 4 and chromosome 17 and were rapidly evolved. 

The reason for this is still unclear, but is probably a result of strong selective pressure to 

increase their numbers when early humans experienced new pathogens that presented a 

threat to human survival. In contrast, homeostatic chemokines are located in mini-clusters 

on different chromosomes, are well conserved between species and therefore predicted to 

be ancient in evolutionary terms1. However, this classification though useful is 

oversimplified. Structurally, chemokines are classified into four groups depending on the 

spacing of disulfide bridges that stabilize their conserved 3D structure2. The CXC subfamily 

comprises 16 members that contain two cysteine residue pairs forming two disulfide bridges 

of which the first to cysteins are separated by one non-conserved amino acid. In comparison, 

the CC chemokine family, containing 28 chemokines, harbors two adjacent cysteine residues. 

The C, or more correctly XC, subcategory consists of 2 members that contain only one 

disulfide bridge. Finally, CX3CL1, the only member of the CX3C subfamily, contains three 

residues between the two cysteines, but more importantly is tethered to a long mucine-like 

stalk enabling it to be embedded into the plasma membrane (PM)1. Chemokines elicit their 

biological function by binding to their corresponding chemokine receptors located on the 

surface. Chemokine receptors belong to the rhodopsin like class A of seven transmembrane 

receptors3. Chemokine receptors are differentially expressed on all types of immune cells 

and can be sub-divided into two groups: G-protein coupled chemokine receptors which 

signal through pertussis toxin sensitive Gαi –types of heterotrimeric G-proteins (signaling 
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chemokine receptors), and atypical chemokine receptors, that are scavenging chemokines in 

a G-protein-independent manner (decoy chemokine receptors)3. There are approximately 20 

signaling chemokine receptors and 5 scavenging receptors. Furthermore, chemokine 

receptors are classed according to their cognate chemokine family. In general, chemokines 

only bind receptors of their own class. However, within a given subfamily, there is a large 

promiscuity, meaning that many chemokines bind multiple chemokine receptors and 

multiple receptors bind many chemokines2. Moreover, some chemokines can also function 

as a natural chemokine antagonist of other ligand-receptor pairs. For example, the ligands of 

CXCR3 are natural antagonists for CCR3 and vice versa4, 5. Thereby, both ligands can form 

mutually exclusive microenvironments customized for specific functions. 

To further complicate the principle of chemokine – chemokine receptor binding, non-

chemokine ligands can also compete for chemokine receptor interaction. To name one out 

of many, extracellular ubiquitin, which has highly anti-inflammatory properties, is a ligand 

for CXCR46. Antimicrobial peptides, however, fulfill a special role. On the one hand, 

antimicrobial peptides fulfill chemokine functions; like CCL20, β-defensin 2 is a non-canonical 

ligand of CCR6 and attracts immature dendritic cells (DCs) and memory T cells7. On the other 

hand a growing number of chemokines mediate direct antimicrobial activities8.  

In contrast to inflammatory chemokine receptors, homeostatic chemokine receptors 

show a more restricted ligand usage of maximal two ligands per receptor. Even in the case of 

two ligands, they are not just redundant but instead appear to have distinct roles. For 

example, the major constituent of this thesis, CCR7 and its two ligands CCL19 and CCL21, 

which play an essential role in the homing of lymphocytes and DCs to secondary lymphoid 

organs. Although both, CCL19 and CCL21 are co-expressed in the T cell zone of lymph nodes, 

only CCL21 is expressed by fibroblastic reticular cells and presented by high endothelial 

venules (HEV)9. Similarly, only CCL21 but not CCL19 can be immobilized to 

glycosaminoglycans on cell surface, via its highly charged 40 amino acid extension at the C-

terminus10, 11. In contrast, CCL19 but not CCL21 can effectively desensitize and internalize 

CCR712. Thus, the likely scenario is that CCL21 guides CCR7 expressing lymphocytes and DCs 

into T cell zones of lymph nodes via HEV and afferent lymphatics. Afterwards, CCL19 

overrides CCL21 mediated migration and desensitizes CCR7. This example should illustrate 

how a set of chemokine receptors with a pair of chemokines in combination can target 
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migrating cells like a molecular satellite navigation system directing a vehicle to a particular 

destination defined by a post code.     

Chemokine structure and GAG binding - a ménage à trois 

Despite large differences in their amino acid sequence, chemokines have a conserved 

characteristic tertiary structure:  – a disordered N-terminus, implicated in signaling, followed 

by a structured core domain that consists of an N-loop, a three-stranded β-sheet and a C-

terminal helix (Figure 1 A)13. The architecture of chemokines is such that they must be able 

to accommodate two very different kinds of interactions with receptors: seven 

transmembrane chemokine receptors and cell surface or extracellular matrix-associated 

glycosaminoglycans (GAGs). While chemokines elicit their biological functions via chemokine 

receptors, it has become increasingly apparent that most chemokines require the interaction 

with carbohydrate moieties to promote migration14, 15. GAGs, for instance heparan sulfate 

(HS), are carbohydrate structures which are either attached to protein cores of 

proteoglycans on cells or simply shed into the extracellular matrix. Most prominently, GAGs 

provide a scaffold enabling chemokines to be immobilized on cell surfaces and extracellular 

matrices that can be referred to as haptotactic chemokine gradients16. The chemokine – 

GAG interaction is mostly mediated through polar interactions; whilst carbohydrate 

structures are highly negative charged, many chemokines contain highly basic domains, 

typically BBXB and BXBXXB sequences (where B is a basic amino acid and X a nonconserved 

amino acid). The GAG binding domain have been identified for a number of chemokines 

including CCL217 (Figure 1B), CCL518 and CXCL1219 (Figure 1C). While GAG binding sequences 

are mostly included in chemokine core domains, CCL21 has a large C-terminal extension, 

comprising of several basic amino acids that is implicated in GAG interaction and 

immobilization11. As these small molecules - only 7 – 12 kDa in size - need to fulfill the 

astonishing task to accommodate two different interactions, while maintaining specificity 

and being able to fine-tune affinities for chemokine receptors and GAGs, it is not surprising 

that they inherit another layer of regulation. It has been shown that chemokines oligomerize 

on GAGs and that chemokine GAG interaction stabilizes chemokine oligomerization17, 20. 

Moreover, it has been shown that the affinity of chemokine:GAG interaction increases with 

GAG size21, leading to the hypothesis that chemokine oligomerization and GAG binding are 
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coupled and that oligomerization increases affinity of chemokines for GAGs through an 

avidity effect13. Different types of GAGs may also preferentially bind to different oligomeric 

states of chemokines. For example, heparan sulfate, a GAG with highly sulfated regions 

separated by unsulfated domains, binds CCL2 dimers likely because it complements the 

structure of discontinuous distribution of GAG binding epitopes (Figure 1B)22, 23. On the 

other hand, heparin stabilizes CXCL12 as a dimer through an interaction surface that runs 

perpendicular to the dimer interface (Figure 1C)24. 

Figure 1: Conserved 3D chemokine architecture and their binding to GAGs.  

(A) The overall conserved tertiary structure typical for all chemokines is illustrated on the 
example of the NMR structure of the CC chemokine CCL21 (PDB 2L4N). CCL21 is shown as cartoon 
representation with transparent surface. The disordered chemokine N-terminus is highlighted in 
blue, chemokine core domain with the three stranded β-sheets in green and the C-terminal α-helix in 
cyan. The characteristic CC-disulfide bridges are shown in sticks and highlighted in red. (B) A CC dimer 
illustrated by CCL2 (PDB 1DOM). Basic residues involved in GAG binding are highlighted in green 
(left). Depicted model shows discontinuous GAG binding sites binding to single GAG chains or bridge 
separate GAG chains to achieve high affinity binding (right). (C) A CXC-type dimer illustrated by 
CXCL12 (PDB 2J7Z). GAG binding sites (green) associated with heparin binding are perpendicular to 
the dimerization interface (left). CXCL12 dimerization model associated to heparin on the cell surface 
(right). 

CC chemokines have been shown to dimerize through residues near their disordered N-

termini surrounding the first cysteines, which leads to an overall elongated structure (Figure 

1B)25. In contrast, formation of CXC chemokine dimers occur predominantly through 

residues in the first strand of the β-sheet (Figure 1C)26. However, this principle is not strictly 
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correct, as several chemokines form heterodimers and heterodimerization can occur within 

members of a given family, as well as between subfamilies27, 28. Initially, it was thought that 

the structural differences in chemokine dimerization determine the specificity of CC and CXC 

chemokines for their respective chemokine receptors29. However, previously it was shown 

that oligomerization-deficient chemokines were as effective as monomeric chemokines in 

receptor binding and activation30, 31, suggesting that monomers are the forms that bind and 

activate chemokine receptors. Recently, an elegant study provided also first experimental 

data that chemokine-chemokine receptor interaction occurs in a 1:1 stoichiometry32.   

Chemokine – chemokine receptor interaction: the two step, two site model 

Despite their specific interaction with GAGs, chemokines execute their biological 

function through binding and activation of chemokine receptors. On part of the chemokine, 

early studies reveal the importance of the chemokine N-terminus in stabilizing the active 

conformation of the receptor33, 34. Specifically, N-terminal modification (deletions or alanine-

mutations) of the first six amino acids of CCL19 were shown to convert CCL19 from an 

agonist to an antagonist33. Surprisingly, the two ligands of CCR7, CCL19 and CCL21, that 

activate a G-protein response with similar potencies but exhibit distinct signaling pathways, 

share only 25% sequence identity. In fact, the N-terminal six residues of CCL19 (GTNDAE) 

and CCL21 (SDGGAQ) share only a conserved alanine in their sequence, suggesting that 

distinct signaling abilities are encoded in the specific sequence. However, swapping of the N-

termini of CCL19 and CCL21, results in comparable CCR7 G protein activation and cell 

migration through the newly formed chimeric proteins35. One possible explanation is that 

Glu6 and Asp2 of CCL21 are able to position the amide and acide sidechain functional groups 

in a similar orientation as Asn3 and Asp4 in CCL19. Moreover, proteolytic modifications of 

chemokine N-termini was shown to be a natural mechanism for regulating chemokine 

function36. 

On part of the receptor, mutagenesis and truncation studies proposed the general 

principle that the N-terminus of chemokine receptors is crucial for binding the highly 

structured chemokine core domain37, 38. Further, frequent post-translational modifications in 

the N-termini of many chemokine receptors, like tyrosine sulfation and glycosylation, which 

adds additional negative charge to the N-terminus, are shown to contribute to this initial 
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step in chemokine – chemokine receptor interaction39-42. Taken together, these findings gave 

rise to a new concept, that guided the field for many years, called the two step, two site 

model for chemokine receptor interaction43, 44 (Figure 2A). This model involves, the 

interaction between chemokine core domain and chemokine receptor N-terminus (site1). 

Site1 docking of the chemokine receptor N terminus is then thought to reorient the 

chemokine N-terminus (important for signaling) to be able to bind the major ligand pocket 

provided by the chemokine receptor (site2). Recently, this concept was substantiated by 

solving the crystal structure of CXCR4 in complex with a viral chemokine. This structural 

determination provided detailed insights into the interaction of chemokine – chemokine 

receptors45. Importantly, the structure generally confirms the concept of the two step, two 

site model. However, the structure reveals a more extensive interface between CXCR4 and 

vMIP-II than through the two step, two site model expected. In fact, every residue of the 

chemokine N-terminal domain and the N-loop as well as residues in the third β-strand 

interacted with the receptor (Figure 2B)45. In line with previous mutagenesis studies, the 

site1 interaction is mediated via the CXCR4 N-terminus interacting with the chemokine N-

loop and the β3 strand. Modeling advances the solved crystal structure and suggests that a 

negative charge added to the N-terminus of CXCR4 through tyrosine sulfation interacts with 

R46 of the chemokine, thereby providing additional polar interactions13. For site2 

interactions, the chemokine binds deeply into the ligand binding pocket provided by the 

chemokine receptor, thereby occupying the major and minor ligand binding groove (Figure 

2C/D). Interactions are mediated, through hydrogen bonds between Asp97, Asp262, Glu288 

of CXCR4 and numerous van der Waals packing interactions45 (Figure 2B). Of note, for CCR7, 

mutagenesis studies revealed that Lys130, Lys137, Gln227 and Asn305 are involved receptor 

activation but not for high affinity ligand binding46 (Figure 3A). 
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Figure 2: Chemokine – chemokine receptor interaction: a two step, two site model.  
(A) Cartoon of the general two step, two site model: chemokine (green) binding involves the 

interaction of the receptor N-terminal domain with the core domain of the chemokine (site I). Site I 
interaction results in a reorientation of the chemokine and subsequent interaction of the TM binding 
pocket of the receptor with the N-terminal signaling domain of the chemokine (site II), resulting in 
receptor activation and signaling. (B) Structure of CXCR4 bound to the viral chemokine vMIP-II (PDB 
4RWS). vMIP-II is shown as surface representation with N-terminal signaling domain highlighted in 
magenta and site I interaction between CXCR4 N-terminus (represented as sticks) in green. Major 
residues important for hydrogen bonds between chemokine and CXCR4 Asp97, Asp262 and Glu288 
are represented as sticks and colored in red. (C) Zoom in of the vMIP-II N-terminus in the CXCR4 
binding pocket. Outlined are the ligand entry site as well as major and minor binding groove. (D) 
CCR7 helical wheel model confining the ligand entry site, the main ligand-binding pocket with the 
minor binding pocket located between the extracellular segments of TM-1, -2, -3 and -7. 
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Chemokine receptor structure 

Chemokine receptors are seven transmembrane domain proteins located in the plasma 

membrane transducing signals through their extracellular chemokine binding to intracellular 

G-proteins to initiate signaling cascades that allows cells to respond and migrate towards 

chemokine gradients. Apart from substantial differences in the extracellular loop (EL) 

domains, especially in EL2, which provide specificity for ligands entering the receptor binding 

pocket, high conservation among certain sequence features and TM domains are found in 

chemokine receptors. To illustrate important conserved features we modeled a putative 3D 

architecture of CCR7 (Figure 3A), based on the β1-adrenergic receptor crystal structure47. 

Systematic analysis of recently solved crystal structures of class A GPCRs have revealed 

structural explanations for characteristic features of conserved sequences of chemokine 

receptors48, 49. Most prominently, a sequence element termed the DRY motif (DRYVAIV in 

CCR7, Figure 3A, light green box) at the end of transmembrane domain (TM)3 plays an 

essential role in controlling receptor activity and G-protein coupling. In addition, the 

presence of a polar interaction between the arginine of the DRY motif and a glutamate in 

TM6 stabilizes the inactive state of the receptor, forming the so called “ionic lock” (Figure 

3A, dark green box). Disruption of the “ionic lock” of the β2-adrenergic receptor results in an 

outward movement of TM6 creating a crevice for the interaction with the heterotrimeric G-

protein50. Furthermore, the tyrosine residue in the well conserved NPXXY motif at the end of 

TM7 (Figure 3A, red box) is repositioned, whilst the entire motif moves inward in the active 

state of the receptor as demonstrated for opsin50. This repositioning prevents the reverse 

movement of TM6 and hence stabilizes the open conformation of the receptor that forms 

the cradle for the G-protein. However, the movement of TM6 and TM7 is only modest and 

may not be sufficient for heterotrimeric G protein engagement. Thus, in line with recent 

structure information on receptor – G-protein interaction51, it can be hypothesized that 

conformational changes, leading to receptor activation, are also driven by G-protein coupling 

and not only by ligand binding. A recent study advanced this conception by showing that 

unbound receptors exist predominantly in two inactive conformations that exchange within 

hundreds of microseconds52. Although, ligand binding shifted the equilibrium towards a 

conformation capable of G-protein engagement it just increased conformational 
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heterogeneity of inactive, intermediate and active states. Complete transition to active 

conformation required G-protein interaction52  

Figure 3: CCR7: Topological organization and signaling paradigm  
Three dimensional illustration of the seven transmembrane topological conformation of CCR7. 

The model was created using PyMOL (www.pymol.org) and based on the β1-adrenergic receptor 
crystal structure (PDB 4GPO). Conserved structural features of class A GPCRs are highlighted: DRY 
motif in light green, NPXXY motif in red, ionic lock in dark green. In addition, the position of four 
known receptor activation residues are marked in blue.  

 

Although chemokine receptors generally do not signal in the absence of ligands, several 

single point mutations – primarily at the cytoplasmic ends of TM3 and TM6 – resulting in 

constitutive active receptors with involvement in human immune-mediated diseases and 

cancer formation have been reported53. One of the most prominent and best investigated 

examples is the immunodeficiency disorder WHIM syndrome, which is caused by a gain-of-

function mutation that truncates the C-terminus of CXCR4 by 10-19 amino acids and results 

in defective CXCR4 desensitization54. 
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Chemokine receptor oligomerization 

The most intriguing questions about the functional mechanisms of GPCRs in general, and 

more specific of chemokine receptors, lie in the role of receptor dimerization, its 

physiological relevance and its pharmacological consequences. Nowadays, it is generally 

accepted that GPCRs exist as dimers and/or higher-order oligomers47, 55, 56. Chemokine 

receptor dimerization was first demonstrated for CCR2 using various approaches57. 

Subsequent studies reported the presence of both homodimers and heterodimers, including 

some heterodimers involving distantly related GPCRs58. There is evidence that dimerization 

influences chemokine receptor function by regulating the trafficking of receptors to the cell 

surface and other locations in the cell. For instance, CCR5 and CXCR4 complexes have been 

detected in small trans-Golgi vesicles59. Other studies on GPCRs suggest that early 

dimerization in the endoplasmic reticulum (ER), influencing receptor trafficking, is a general 

feature of this particular receptor family60. Corroborating this notion, CXCR2 co-expression 

with a mutant CXCR1 that is retained in the ER causes a substantial reduction in cell surface 

expression61.  

The recently available crystal structures of GPCR and chemokine receptor dimers 

accelerated the understanding of receptor dimerization. Today, the different solved dimer 

interfaces can be roughly classified into two different types. Type 1 dimer interface crystal 

structures including β2-adrenergic receptor62, β1-adrenergic receptor47, κ-opioid receptor63, 

rhodopsin64 and CCR556 show two dimer interfaces: one involving TM1-TM2-Helix 8 (HL8) 

and the other engages (TM4-TM5-)intracellular loop 2 (ICL2). The presence of two distinct 

dimerization interfaces on opposite sides of the receptor offers a plausible structural basis 

for the formation of higher ordered oligomers. However, another type of dimerization 

interface was observed in CXCR455 and μ-opioid receptor65 crystal structures which involves 

mainly TM5 and TM6. While μ-opioid receptor involves the TM5 and TM6 dimerization 

interfaces, it also displays the TM1-TM2-HL8 interface, suggesting that this interface is rather 

conserved among various GPCRs. In contrast the TM5 interface sometimes functions with 

TM4 and other times with TM6, resulting in a monomer to monomer rotation of about 40° 

and differences in the distance between the monomers (Figure 4A).  
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Figure 4: CCR7: Comparison of the β1- adrenergic receptor oligomer with the μ- opiod 
receptor oligomer – implications for G-protein coupling  

(A) Cartoon representation of the tetrameric structure of β1- adrenergic receptor (left) and the 
μ- opiod receptor (right). The heterotrimeric G protein consisting of Gαs, Gβ and Gγ (PDB 3SN6) were 
docked onto structure of β1- adrenergic receptor (PDB 4GPO) and μ- opiod receptor (PDB 4DKL) 
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using PyMol. Top, top view of the oligomers (from the extracellular surface) with indicated 
dimerization interfaces and resulting angles of the tetramer (dashed line) Bottom, side view of the 
oligomers with distances between the docked heterotrimeric G-proteins. (B) Cartoon representation 
of dimeric β2- adrenergic receptor (PDB 3SN6) together with coupled heterotrimeric G-proteins. 
Indicated are also steric limitations for docking of a second G-protein onto the β2- adrenergic 
receptor dimer (dashed circle). 

What can we learn from crystal structure analysis about the functional consequences of 

receptor dimerization? In addition to the transmembrane domains, intracellular regions 

largely contribute to the dimerization interfaces. In particular, ICL2 of type 1 dimer interfaces 

is critical for interaction with G proteins, as shown on basis of the solved structure of β2-

adrenergic receptor coupled to Gs51 (Figure 4A, B). Importantly, a heterotrimeric Gs protein 

can be docked onto a type 1 dimer interface receptor; however, due to steric hindrance it is 

not possible to couple a second G-protein on the second receptor (Figure 4B). Participation 

of ICL2 in this dimer interface may prevent G-protein coupling to the second receptor, or G-

protein binding may disrupt the dimer interface. Therefore, it can be suggested that the 

minimal signaling unit is a dimer (two receptors and one trimeric G-protein)47, leaving the 

possibility for the second unoccupied receptor for allosteric modulation or G-protein-

independent signaling. In fact, allosteric modulation is observed in chemokine receptor 

arrays. For example, in cells co-expressing CCR2 and CCR5, CCR5 ligand stimulation prevents 

binding of CCR2 specific ligands66, 67. Similar results are observed for the trans-modulation of 

CCR2 and CXCR468. In addition to allosteric modulation, dimerization-dependent but G-

protein parallel chemokine receptor signaling has been described. In this case, binding of the 

chemokine to the chemokine receptor promotes receptor dimerization and association of 

janus kinases (JAKs)69-71. Associated JAKs are activated via trans-phosphorylation, in a Gαi-

independent manner, resulting in chemokine receptor tyrosine phosphorylation70, 72. 

Chemokine receptor phosphorylation and JAK activation enables the recruitment and 

tyrosine phosphorylation of several members of the STAT family of transcription factors via 

their SH2 domain, thereby activating STAT-dependent gene transcription73. Taken together, 

chemokine receptor homo- and heterodimerization could add significantly to the complexity 

of chemokine functionality, ranging from ligand recognition to signaling specificity and 

receptor trafficking and this may not be restricted to members of the chemokine family.   
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Classical chemokine receptor signaling – and its Add-ons 

Based on the classical model of chemokine receptor activation, ligand binding according 

to the two step, two site model, causes the receptor to adopt a conformation that results in 

the activation of associated heterotrimeric G-proteins, mainly of the inhibitory Gαi – type74. 

This activation involves the exchange of bound GDP for GTP by the Gαi subunit of the G-

protein, leading to the dissociation of the heterotrimeric proteins into Gαi and Gβγ subunits. 

Hence, dissociation results in the production of second messengers like changes in cyclic 

AMP, diacylglycerol and intracellular calcium75. Signaling by the active conformation of the 

chemokine receptor is subsequently terminated by phosphorylation of serine and threonine 

residues in the cytoplasmic loops and the tail of the receptor, predominantly via GPCR 

kinases (GRKs) but also via second-messenger-dependent protein kinases, including cyclic-

AMP-dependent protein kinase (PKA) and protein kinase C (PKC)76, 77. The phosphorylation of 

serine/threonine residues results in the binding of arrestins and subsequent internalization 

into clathrin-coated pits78. Thus, in the classical chemokine receptor signaling model, 

heterotrimeric G-proteins mediate signal transduction, while arrestins mediate receptor 

desensitization and endocytosis.  

However, this classical model is over-simplified and incomplete. Recent publications, 

reported the ability of arrestins not only to promote receptor desensitization but also to 

promote signaling in a G-protein-independent manner by acting as a multifunctional 

adaptor. Arrestin mediated signaling involves mitogen-activated protein kinases (MAPKs), 

Src, nuclear factor- κB (NF-κB) and phosphoinositide 3-kinase (PI3K)79. Although, it is not 

clear whether the same receptor conformation that results in desensitization is also 

promoting arrestin mediated signaling, biochemical data suggest that signaling initiated by 

arrestins has distinct functional and physiological consequences from that mediated by G-

proteins. Therefore, an emerging concept groups ligands according to their preference to 

activate G-protein or arrestin-dependent pathways, and is referred to signaling biased (or 

biased ligands)80. 

Signaling bias has been first described for the two natural ligands of the chemokine 

receptor CCR780. While equal receptor binding affinities  and equal G-protein activation77 

suggest high redundancy, both chemokines CCL19 and CCL21 differ in certain abilities. For 

instance, only CCL19 triggering results in a robust phosphorylation on Ser/Thr residues of 
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CCR777 through the recruitment of both, GRK3 and GRK676. Therefore, only CCL19 through its 

profound CCR7 Ser/Thr phosphorylation results in a robust β-arrestin recruitment and CCR7 

endocytosis12, 81. Up to now, only CCL19 is thought to be able to induce G-protein-

independent signaling via GRK3 and β-arrestin resulting in a profound ERK1/2 activation76. 

Thus, CCR7 became a prototypical example of biased signaling. 

Moreover, the classical chemokine receptor signaling model can be further complicated 

by taking into account publications reporting tyrosine kinase signaling parallel to classical 

heterotrimeric G-protein signaling. As already mentioned, in this scenario binding of the 

chemokine to chemokine receptors promotes receptor dimerization and association of janus 

kinases (JAKs)69-71 that is necessary for proper cell migration72, 82, 83.  

The chemokine receptor CCR7 – a brief overview 

On the cellular level, two main responses are triggered upon chemokine receptor 

signaling: (1) integrin activation that causes adhesion mainly to endothelial surfaces and (2) 

polarization of the actomyosin cytoskeleton that causes migration along established 

chemokine gradients84. CCR7 is naturally a homeostatic chemokine receptor and expressed 

on various subtypes of immune cells that are guided by CCR7 to and within lymphoid 

organs85, 86. CCR7-expressing immune cells encompass naïve, central memory and regulatory 

T cells, B cells, natural killer cells (NKs), subsets of thymocytes and (semi-)mature dendritic 

cells (DCs). Generally, T cell subsets constitutively express CCR7, enabling them to circulate 

between the bloodstream, lymphatics and secondary lymphoid organs. In contrast, DCs 

acquire CCR7 expression upon pathogen encountering, which enables homing to lymph 

nodes and antigen- presentation to cognate T cells. Of note, this CCR7-mediated homing of 

DCs is crucial for the initiation of an adaptive immune response. Under certain pathological 

conditions, CCR7-dependent naïve T cell migration to chronically inflamed non-lymphoid 

tissues contributes to the development of autoimmune diseases, including rheumatoid 

arthritis85.  

The CC-chemokine receptor 7 (CCR7) was identified in 1993 as the first lymphocyte 

specific, but orphan GPCR and named Epstein–Barr virus-induced gene 1 (EBI1)87. The same 

gene was subsequently identified in a homology screen for chemokine receptors in Burkitt’s 

lymphoma two years later and termed Burkitt’s lymphoma receptor 2 (BLR2)88. EBI1/BLR2 
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was renamed to CCR7 after the identification of its chemokine ligand CCL1989. Additional 

synonyms are CC-CKR-7, CMKBR7, CD197 and CDw197. The gene encoding CCR7 is located 

on human chromosome 17q12-21.2 and is composed of three exons that encode a protein 

of 378 amino acids90. The mouse homolog is on chromosome 11 and the protein shows 86% 

sequence identity to human CCR7. 

Two ligands for CCR7, termed CCL19 (ELC) and CCL21 (SLC), have been identified91. Both 

CCR7 ligands are constitutively produced by stromal cells within primary and secondary 

lymphoid organs and are therefore considered to be homeostatic chemokines. CCL21 is 

additionally expressed by lymphatic endothelial cells in peripheral tissues86. The CCR7-

CCL19/CCL21 axis is well characterized for its crucial role in the formation of secondary 

lymphoid structures under physiological conditions mainly through orchestrating the 

recruitment of immune cells to these structures85, 86. Mice lacking either CCR7 (by gene 

targeting) or its ligands (in the plt/plt mice, a spontaneous mutant strain lacking CCL19 and 

the lymphoid form of CCL21) show an altered architecture of lymphoid organs due to 

impaired homing of lymphocytes and DCs. Consequently, these mice have defects in 

multiple aspects of development and execution of an adaptive immunity. Moreover, CCR7-

deficient mice are prone to develop generalized multi-organ autoimmunity although they 

have a normal life span and do not suffer from clinically apparent autoimmune disease85, 86. 

Taken together, CCR7 and its ligands are balancing immunity and tolerance86. 

CCR7 mediated homing of dendritic cells – between innate and adaptive 

repertoires 

Dendritic cells (DCs) are the most potent and versatile antigen presenting cell in the 

immune system and are critical for acquiring and processing antigens for presentation to T 

cells and initiation of the adaptive immune response. DCs are positioned as sentinels in the 

periphery, such as skin, intestinal tissue or the respiratory tract, where they frequently 

encounter pathogens or other stimuli that breach the body barrier. Of note, DCs present in 

peripheral organs do not form a homogenous population. For instance, in the skin, DCs can 

be divided into epidermis resident Langerhans cells and various DCs in the dermis (Figure 

5A). Further, dermal DCs can be subdivided into two subsets, depending on their expression 

of CD207/langerin and CD103 or the expression of CD11b92, 93. 
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DCs are highly phagocytic. Through numerous dendritic extensions, DCs constantly 

sample their environment. To sense foreign antigens, DCs express a plethora of receptors 

that recognize pathogen-associated patterns, most prominently Toll-like receptors (TLRs), 

RIG-I-like and Nod-like receptors. Upon, encountering of infectious or inflammatory insults, 

DCs undergo a series of phenotypic changes that are referred to as maturation. During this 

maturation process, DCs digest the antigens into peptides, needed for presentation on major 

histocompatibility complex molecules (MHC). In order to report not only the source of 

inflammation but also critical information about the context of the presented antigen, they 

also up-regulate co-stimulatory-molecules and cytokines, which are essential for the 

subsequent activation of naïve CD4+ and CD8+ T cells. Moreover, the DC maturation program 

induces the rapid and coordinated switch in chemokine receptor expression pattern on 

DCs94. Pattern recognition receptor activation in DCs results in the down-regulation of 

inflammatory chemokine receptors, such as CCR1, CCR2, and CCR5, and simultaneously in 

the induction of the homing chemokine receptor CCR7. Although CCR7 expression allows the 

cells to sense and migrate towards CCR7 ligands, we and others found that efficient DC 

migration requires a second signal, provided by the pro-inflammatory mediator 

prostaglandin E2 (PGE2)95, 96.  

Recently it was shown that the CCR7 ligand, CCL21 forms an immobilized- haptotactic 

gradient from depots within lymphatic endothelial cells, steeply decaying within the 

perilymphatic interstitium of mouse ear sheets97. Further, DCs were guided by this CCL21 

haptotactic scaffold and directionally approached vessels from a distance of up to 90-

micrometers97. In line with this excellent study, DC migration to draining lymph nodes was 

shown to be reduced in mice with an endothelial-specific defect in heparan sulfate synthesis, 

further indicating that heparan sulfates are important for the establishment of a pre-

lymphatic CCL21 gradient 98. Despite an extracellular immobilized CCL21 gradient, CCL21 is 

most prominently stored in intracellular vesicular depots97. Recently, evidences for a 

contact-guided consumption of endothelial stored chemokines have been presented99. The 

principle of confined release of chemokines into synapses between adherent leukocytes and 

endothelial cells provide several major advantages, such as (1) protection from dilution 

through convective flows (2) secretion of sub-femtoliter volumes of chemokines would 

saturate nearby chemokine receptors in confined contacts (3) protection from proteolytic 
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cleavage, as shown for CCL2111 and (4) protection from a global chemokine receptor 

desensitization99.  

The initial lymphatic vessels, decorated by CCL21, are approached by epidermal as well 

as dermal DCs, and are blind-ended structures with wide lumina and thin walls100 (Figure 

5A). They are lined continuously with overlapping lymphatic endothelial cells that are 

surrounded by little or no basement membrane. In the skin, they form a plexus that runs 

parallel to, and just beneath the epidermis, building a hexagonal pattern of vessels that have 

highly variable diameters of 10-80 μm and are spaced in mice ~100 μm apart101. In humans, 

skin lymphatic microvessles appear to form two connected networks, the first one localized 

in the stratum papillare and the second at the border between cutis and subcutis. Further, 

the space between two adjacent lymph vessels highly varies up to ~500 μm102. 

While the migration of Langerhans cells from epidermis to dermis is assumed to be 

independent of CCR7103, 104, epidermal and dermal DCs are, upon maturation, guided 

towards small initial efferent lymphatics through CCL21103, 105. As the dermis displays a much 

lower cellular density, DCs approach the vessels in a what is classically termed amoeboid 

type of migration106. Contradictory to the occurrence of an haptotactic CCL21 gradient that 

favors DC adhesive migration, DC migration from the dermis to the draining lymph nodes 

was shown to occur completely independent of integrin mediated cell adhesion107. 

Amoeboid directional movement of DCs is achieved by squeezing and flowing of the actin 

cytoskeleton than utilizing adhesive events106. This process involves basically two events, 

while F-actin polymerization at the front leads to the formation of protrusions in a forward 

direction, actomyosin-mediated contraction at the rear supports uropod detachment, 

nuclear contraction and propulsion of cytoplasmic matter106. Actin polymerization at the 

leading edge, is mediated via CCR7-driven Rac1 and Rac2 activation and the deficiency of 

one inhibits DC migration from the skin to draining lymph nodes108.  
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Once in close proximity to the small initial efferent lymphatics, DCs preferentially seek 

out regions of terminal lymphatic capillaries with gaps or portals in the basement membrane 

109 and enter through flaps that are created between the so called button like junctions 

between endothelial cells 110. As both, the basement membrane portals and the endothelial 

flaps are preexisting, DCs enter the lymphatic vessels rapidly by squeezing through these 

portals in an integrin- and proteolysis- independent manner107, 109, 110 

Figure 5: CCR7 guidance of DCs – from periphery to lymph nodes 
(A) Diversity of DC populations in the skin. Langerhans cells reside in the epidermis, while distinct 

population of DCs are resident in the dermis. Under homeostatic conditions, the origins of the DCs 
present in lymphatic vessels are not fully defined, but these DCs include a small number of 
Langerhans cells. Upon inflammation dermal DCs upregulate CCR7, thereby sensing and migrating 
towards immobilized gradients of CCL21. Upon activation DCs can also secrete soluble CCL19, 
generating a cell autologous CCL19 gradient. (B) Terminal afferent lymphatic vessels are represented 
as tree-like structures. They emanate from a high number of initial vessels to afferent collecting 
vessels. These vessels typically terminate in the subcapsular sinus. Terminal afferent lymphatic 
vessels are delivering CCR7-dependent DCs into the lymph nodes.  

After entering lymphatic capillaries, mature DCs continue their journey through the 

lymph flow (Figure 5B). The flat cross-section and the low flow rate of initial lymphatics allow 

for the interaction of DCs with the luminal wall, which is also termed intra-lymphatic 

crawling111. Besides CCL21, also CCL19, the other known ligand for CCR7, has been 
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implicated in DC migration to draining lymph nodes. In contrast to CCL21, CCL19 lacks a long 

C-terminal extension that immobilizes it. In addition, CCL19 does not appear to be produced 

by lymphatic endothelial cells. However, CCL19 is produced by activated DCs112, 113, thereby 

it can be suggested that DC-produced CCL19 acts as an autocrine or paracrine chemotactic 

cue that directs DCs into the direction of fluid drainage and ultimately to draining lymph 

nodes (Figure 5A). While an early study observed that antibody-mediated blockade of CCL19 

reduced DC migration from skin to lymph nodes114, no migration defect was recently 

reported for CCL19-deficient mice115. Upon reaching the level of collective vessels, DCs begin 

to flow freely and their traveling speed increases 200 times compared to their speed in the 

initial lymphatic capillaries111.   

Afferent lymphatics flow subsequent into the peripheral medullary sinus system (Figure 

5B). The labyrinthine branching of this system probably causes a relative abrupt decrease in 

the fluid velocity of the lymph flow116. Depending on the cell size, DCs exclusively end up in 

the sub-capsular sinus lumen of the afferent lymph node hemisphere116. DCs leave, CCR7-

dependent, the sub-capsular sinus to migrate into the lymph-node parenchyma. Once inside 

the lymph-node parenchyma, DCs strictly require CCR7 signals to translocate into the deeper 

paracortical T cell zone. Thereby, DCs follow straight pathways through interfollicular cortical 

regions, indicative of a CCL21 haptotactic scaffold mediated by fibroblastic reticular cells11 

(Figure 5B). Along this scaffold, DCs and T cells migrate to query a vast number of each other 

to ensure, despite the occurrence of rare antigens, an effective initiation of the adaptive 

immune response117-119. The fact that only few DCs can be found in subsequent lymph nodes 

along the chain or the efferent lymph, suggests that for the vast majority of DCs that 

culminate in the primary lymph nodes, the journey ends there, where they will die116, 120.  

Migration of T cells to and through lymph nodes - CCR7 in control of T cell 

traffic 

CCR7 in thymocyte development 

T cells depend early on in their lives on the expression and proper signaling of the 

chemokine receptor CCR7. T cell development in adults is initiated by the migration of 

lymphoid progenitor cells from the bone marrow into the thymus (Figure 6A). In the adult 
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thymus, the presence of CCL19 and CCL21 is not restricted to a certain compartment, they 

are detectable in both cortex121 and medulla122 and CCL19 as well as CCL21 are expressed by 

medullary thymic epithelial cells (mTECs). Therefore, CCR7 expressing developing 

thymocytes are guided by CCL21 and CCL19 through both thymic compartments (Figure 6A). 

Of note, CCL19 deficient mice have a normal thymic architecture and cellular composition123, 

suggesting that immobilized haptotactic CCL21 gradients are more important in thymic 

development. Early thymic progenitor cells, which enter the thymus through the venules at 

the cortico- medullary intermediate compartment (Figure 6A) lack CD4 and CD8 expression 

and are therefore referred to as double negative (DN). Subsequently, DN cells have to leave 

the junction between cortex and medulla and migrate to the subcapsular zone. This 

migration is accompanied by a progressive differentiation of progenitors, indicating that 

differentiation-inducing signals are spatially distinct located within cortical regions124. 

Different transitory states can be defined based on the expression of the surface molecules 

CD25 and CD44 on lineage negative cells, implicate that CCR7 is necessary for the migration 

of maturing cells along their differentiation cues on their way to the subcapsular zone122.  

Further, a crucial role for CCR7 in the reversed translocation from the subscapular zone into 

the medulla of CD4 and CD8 double positive (DP) cells has been shown121 (Figure 6A). 

However, the most abundant expression of CCR7 is observed in single positive (SP) 

progenitor cells localized in the thymic medulla122. The dependency of SP cells on CCR7 and 

its ligands to migrate from the cortex to the medulla to undergo negative selection 

contributes to a high incidence of autoimmunity in CCR7 knockout mice125, 126. In contrast to 

cells undergoing negative selection, cells that escaped negative selection as well as mature T 

cell express high amounts of CCR7125. CCR7 expression in this late stage of maturation is 

implicated in the positioning of thymocytes near the blood vessels before they exit the 

thymus into blood stream124 (Figure 6A).  

CCR7-dependent T cell homing 

Subsequent, an effective immune surveillance relies on continuous circulation of T 

lymphocytes between the blood, the lymph and lymphoid organs. T cells emigrate from the 

blood to peripheral lymph nodes in a multistep process involving (1) tethering and rolling (2) 

CCR7 activation (3) firm arrest and (4) transendothelial migration (Figure 6B). The emigration 
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of T cells begins with adhesive interactions of lymphocytes and endothelial cells in the high 

endothelial venules (HEV) through L-selectin and peripheral-node addressins (a group of 

sialomucins with sial-LewsiX related motifs) (Figure 6B). Because of the high shear flow 

present, the selectin mediated short lived tethering is converted to a phenomenon referred 

to as rolling of T cells along the vessel wall. During these short contacts, leukocytes have the 

opportunity to sense CCL21 that is immobilized by GAGs on the luminal surface of HEVs10, 127 

(Figure 6B). Of note, CCL21 but not CCL19 appears to be essential, as CCL19 knockout mice 

do not show reduced frequencies of T cells in the lymph nodes123. The classical model of 

CCL21-induced arrest of rolling T cells involves many successive CCR7 triggering events, 

which stimulate a gradual increase in αLβ2-integrin (leukocyte function –associated antigen 

1; LFA1) affinity and avidity on lymphocytes that allow for the subsequent tight binding to 

intercellular adhesion molecule1 (ICAM1) and ICAM2. However, in vivo data suggest that the 

transition from rolling to arrest is abrupt and not gradual128. Therefore, an alternative model 

has been proposed in which intergrin activation is a locally restricted phenomenon on the T 

cell membrane triggered through CCR7 stimulation. In this model, juxtapositioning of CCR7 

and LFA1, in order to couple CCR7 signaling directly to LFA high affinity state, as well as an 

intact actin cytoskeleton are crucial. Furthermore, local firm integrin mediated adhesion 

depends on shear forces present in the vascular lumen that provide a second signal to 

induce also integrin conformational change and integrin oligomerization, resulting in high-

affinity binding128.  

This integrin-mediated adhesion of lymphocytes to venular walls is associated with 

substantial morphological changes in both T cells and endothelial cells, which together 

support the following steps of T cell transmigration. Upon high affinity adhesion of T cells to 

epithelial cells of the blood vessel wall (Figure 6B), the aggregation of ICAM1 and VCAM1 

together with tetraspanins on endothelial cells is observed129. This clustering of integrin 

ligands at the cell - cell interface primarily serves to generate membrane platforms for firm 

attachments, but also prepares the endothelial cells for a potentially following transcellular 

migration. On part of the lymphocyte, the shape of T cells changes markedly from a spherical 

to a flattened phenotype (Figure 6B). Furthermore, lymphocytes develop ventral membrane 

protrusions during CCR7 mediated crawling in the vascular lumen, to search for permissive 

sites on the vessel wall130-133 (Figure 6B). These protrusions are structurally related to 
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podosomes and are therefore also dependent on the tyrosine kinase Src and the cytoskeletal 

regulator WASP132, 134.  

The morphological changes detailed above are necessary for the following steps of T cell 

trans-endothelial migration (TEM). TEM is thought to be induced by CCL21 that is presented 

on either the luminal or abluminal site of HEVs. Of note, in humans CCL21 is not detectably 

produced by HEVs135, but studies have shown that both CCL21 and CCL19 produced by FRC 

can be efficiently transcytosed, thereby establishing haptotactic CCL21 immobilized on HEV 

GAGs and soluble CCL19 gradients10, 136. Potentially, lymphocytes choose between two 

routes of TEM, the paracellular, through permissive sites (migrating around endothelial cells) 

and the transcellular (piercing through the endothelial cytoplasm) (Figure 6B). Both routes 

follow the same principle: the lymphocyte cell body follows the membrane protrusions 

towards the basal site of the endothelium and subsequently attaches to and migrates over 

the basal endothelial membrane or the endothelial cell basement membrane while 

retracting its rear. For CCR7 mediated directional motility, protrusion formation, and 

ultimately TEM, Rho and Ras small GTPases are implicated137. These are activated by guanine 

exchange factors (GEFs)138. The classical view has been that the Rho-GTPase Rac1 controls 

polarized actin polymerization at the leading edge by stimulating the actin-related protein 

2/3 (ARP2/3) complex, which nucleates actin filaments139 and that RhoA controls myosin-

based contraction of the uropod, which is crucial to complete TEM140. Due to conflicting 

studies, species-dependent differences, and redundant protein functions, a holistic view 

explaining GTPases- and GEF- controlled CCR7 migration appear to be difficult. However, 

Rac-deficient T cells (Rac1 and Rac2 double knockout and Rac3 expressed in a non-

detectable amount), display defects in CCR7 mediated adhesion to ICAM1 and TEM133. 

Furthermore, Rac-deficient lymphocytes were severely compromised in their ability to 

undergo either chemotaxis or chemokinesis in response to CCR7 stimulation141. Studies in 

human T cells suggested that Rac1 is also required for the rapid CCL21-induced activation of 

LFA1142. In contrast to Rac-deficient T cells, mouse T cells deficient in the Rac GEFs DOCK2 

and Tiam1 show normal CCL21-induced adhesion to ICAM1 and TEM143-145, suggesting that 

the third major GEF of T cells, Vav1 may transduce the signals to Rac1. These GEFs, in turn, 

are targeted and activated by different upstream signals, including Src-mediated tyrosine 

phosphorylation146 and the synthesis of specific phosphoinositides or phosphatic acid147.  
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Figure 6: CCR7 in control of T cell traffic 
(A) The role of CCR7 and its ligand in thymocyte development. Bone marrow derived thymocyte 

progenitor cells enter the adult thymus through venules located in the cortico-medullary junction. 
This process involves CCR7 but is redundant with CXCR4 signaling. They lack CD4 and CD8 expression 
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and are therefore termed double negative (DN). DN1 and DN2 cells are expressing CCR7 and start to 
leave the junction to migrate along the cortex towards the sub-capsular zone. On their way they 
receive differentiation cues. DN3 and DN4 stages do not express CCR7. As CCL19 and CCL21 are 
predominantly expressed in the medulla from mTECs, cells after positive selection, now double 
positive (DP), re-express CCR7. Positively selected single positive (SP) thymocytes use CCR7 to 
migrate towards the medulla to undergo negative selection. Mature SP cells that survived negative 
selection are CCR7-dependent positioned near venules to egress from the thymus. (B) A simplified 
illustration of the multi-step process of T cell homing to lymph nodes. Lymphocytes in the blood 
stream can bind peripheral-node adressins (PNAd) on cells of the high endothelial venules (HEVs) via 
L-selection. Through the presence of shear flow, this capture is converted to a rolling T cell 
phenotype. The rolling of T cells allows for the engagement of CCR7 through CCL21 that is 
immobilized on GAGs. The activation of CCR7 triggers αLβ2 integrin (LFA-1) high affinity conformation. 
Through the interaction of LFA-1 with ICAM-1 or 2 on HEV cells, T cells can tightly bind to the 
endothelium resulting in a cell arrest and adhesion. Afterwards, cells start to crawl, followed by 
trans-endothelial migration (TEM). Lymphocytes choose between two routes of TEM, paracellular or 
transcellular. Once through the HEV cell barrier, T cells exhibit sub-endothelial cell motility to search 
for permissive sites in the pericyte sheath and venular basement membrane.  (C) T cells breached for 
the HEV cell and basement membrane barrier arrive in the lymph node paracortex. From here, they 
follow immobilized CCL21 gradients on fibroblastic reticular cells (FRCs) to scan antigen experienced 
DCs. Soluble CCL19 gradients generated by activated DCs or secreted by FRCs serve as additional 
guidance cues. Upon cognate TCR – pMHC interaction T cells get activated.     

Following CCR7-dependent migration through endothelial cells, lymphocytes breach the 

basement membrane and the pericyte coverage of venular walls to enter lymphatic space 

(Figure 6B). Basement membranes are composed of tightly packed networks of laminins and 

collagen type IV that are interconnected148. Because pericytes and basement membranes 

provide a true barrier to transmigrating lymphocytes, it appears that lymphocytes continue 

their migration on the abluminal side while seeking permissive sites149, 150 (Figure 6B). The 

traditional idea is that T cells follow an increasing haptotactic gradient of CCL21 to find their 

way through junctions. The ability of the HEV basal lamina to bind and therefore concentrate 

CCL21 may help to establish such gradients, however, a real proof for the existence of 

haptotactic CCL21 from HEVs towards lymph node tissue is still lacking.  

CCR7-driven intranodal T cell motility 

After traversing pericytes and basement membranes, T cells are trapped in perivenular 

channels, bordered by a sleeve of FRCs around HEVs151. They favorably exit the channels at 

distinct sites, which probably represent the borders between neighboring FRCs, to finally 

arrive in the lymph node paracortex119. The paracortex is organized as scaffolds of 

extracellular matrix conduits encompassed by FRCs152 (Figure 6C). This structure is 

intermixed with DCs, that sample the lymph flow for foreign antigens, and forms the FRC 
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network. The FRC network is a complex transportation grid that facilitates efficient T cell 

migration and scanning, as well as the already mentioned entry into the paracortex via 

HEVs119, 153. FRCs produce and secrete both CCR7 ligands CCL19 and CCL21, which contribute 

to the spatial segregation of the lymph node cortex into T and B cell zones. Functionally, 

segregation is facilitated through haptotactic CCL21 gradients and soluble CCL19 gradients 

that guide lymph derived T cells into the deep T cell zone and support T cell migration only 

within the paracortex116, 154 (Figure 6C). T cells move constitutively, rapidly, and randomly 

throughout the paracortex with a speed of about one cell length per minute (~10-12 

μm/min)155-157. T cells migrate in a `stop and go` pattern, characterized by directional 

locomotion reaching peak velocities of >25μm/min, followed by short arrests or slowed 

confined migration, that are usually accompanied with changes in direction, during which T 

cells interact with the stroma and other leukocytes155, 156. The onset of slower motility 

intervals are accompanied by periodical, low amplitude intracellular Ca2+ spikes158. 

Importantly, it appears that the magnitude and the duration of the observed intracellular 

Ca2+ peaks directly correlate with the basal speed of CCR7-driven T cell migration in the 

lymph node. However, it remains to be demonstrated whether those Ca2+ peaks govern 

CCR7 migration or potentially amplify intrinsic or extrinsic cellular cues.  

CCR7 seems to have a non-redundant yet non-exclusive function in promoting T cell 

migration within lymph nodes154, 158, 159. In the absence of CCR7 signaling, T cells move in the 

lymph node paracortex with similar directionality but much lower speed. The migratory 

paths of CCR7 deficient T cells are the same as for wild type cells, suggesting that they still 

use the FRC network as `streets` but do not receive important haptokinetic stimuli through 

CCL21. If CCR7 triggering only contributes to T cell migratory speed in lymph nodes, what 

factors govern adhesion to FRC network and baseline motility? The inhibition of the Gαi 

subunit by pertussis toxin treatment results in a nearly complete inhibition of T cell 

migration through blockade of both displacement and speed158-160, suggesting the 

involvement of another Gαi coupled chemoattractant receptor. Investigations of alternative 

chemokine signaling such as CXCR4/CXCL12 and lipid mediators of the arachidonic acid 

metabolism like the pro-migratory thromboxane A2 have revealed only partial contributions 

to intranodal T cell motility158-161, indicating the involvement of a yet undiscovered Gαi 

coupled GPCR. Of note, T cells migrate differently in certain areas of the lymph nodes. For 
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example, T cells move slower in the medulla and the subcapsular cortex than in the 

paratortex154, 162. These differences in migratory behavior show that T cell migration is highly 

dependent on extracellular cues and might be due to differences in cell composition, 

distribution of soluble and immobilized chemokine gradients and structural and physiological 

particularities of each lymph node compartment154, 159, 160. 

DCs that entered the lymph node serve as an additional source of soluble CCR7 ligands, 

in particular CCL19 but also cleaved and solubilized CCL2111. To achieve the astonishing 

difficult task of finding and recognizing cognate antigens presented by DCs and rare T cell 

receptors (TCRs) both T cells and DCs take the same routes on the FRC network to meet each 

other along their CCL21 pre-determined paths (Figure 6C). The frequency and duration of 

scanning interactions of T cells and DCs greatly influence their overall scanning speed. In the 

absence of a cognate antigen, the fast basal motility of T cells results in a contact frequency 

of approximately 100 different DCs per hour for a single scanning T cell163. On the other hand 

DCs interact with approximately 2000 different T cells per hour163.  

Following antigen-scanning without cognate engagement, T cells have to make their way 

to the efferent lymphatic vessels to leave the lymph nodes. The essential receptor for 

lymphocyte egress is the sphingosine-1 phosphate receptor 1 (S1P1). CCR7 signals have been 

shown to counteract the egress signal provided by S1P1 and therefore contribute to longer 

dwelling times of T cells in lymph nodes164. Conclusively, the balanced expression of CCR7 

and S1P1 determines whether T cells remain within or leave lymph nodes.  

Upon antigenic encounter, T cells alter their movements. A short term TCR trigger boosts 

their CCR7 mediated migration165, probably resulting in an enhanced scanning behavior. 

Upon multiple encounters with cognate peptide-MHC (pMHC)-bearing DCs, T cell speed 

decreases in a manner dictated by TCR affinity and the amount of pMHC complexes 

expressed on the surface of mature DCs. Subsequently, T cells interact continuously with one 

or few adjacent DCs presenting cognate pMHC. This antigen-mediated stop signal is 

associated with a higher frequency and amplitude of Ca2+ spikes than what was observed 

during homeostatic T cell migration166. 24 hours after TCR stimulation, T cells detach from 

DCs and regain a motile behavior, albeit with a lower speed than observed for naïve T cells 

(8-10 µm/min). This migratory behavior is accompanied with the commitment to 

proliferation and the induction of cytokine production155-157, 167. Importantly, the CCR7-
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driven presence of suppressive regulatory T cells interferes with the stop signal and 

promotes again scanning motility upon cognate encounter, mainly through the inhibition of 

antigen recognition168, 169. In addition, the cytotoxic lymphocyte associated antigen-4 (CTLA-

4) and program death receptor 1 (PD-1) are even able to block antigen mediated stop signals 

and promote cell migration in the presence of TCR-pMHC complexes170, 171. Thus, through 

the positioning of naïve T cells, antigen loaded dendritic cells, but also suppressive 

regulatory T cells, CCR7 is centered in controlling initiation as well as release of the adaptive 

immune response. 

Upon the initiation of an adaptive immune response, additional parameters become 

relevant. For instance, shaping the quality of the immune response and controlling its 

magnitude. In addition to the positioning of naïve and regulatory T cells, CCR7 orchestrates 

other cellular collaborations. An almost immediate response to lymph node inflammation is 

a transient decrease in lymph node egress, referred to as lymph node-shutdown. Together 

with an enhanced homing of T cells to responsive lymph nodes, lymph node cellularity is 

increased172. On a molecular level, interleukin 6 (IL6) mediates induction of ICAM-1 on HEVs 

together with IL6-independent induction of CCL21 on FRC, resulting in a more efficient 

recruitment of naïve T cells to reactive lymph nodes within hours173. Early up-regulation of 

CCL21 on HEVs is later reverted by an interferon γ (IFNγ)-dependent mechanism, probably 

provided by NK cells and activated T cells. Therefore, CCL21 production and the 

simultaneous recruitment of naïve T cells to reactive lymph nodes decrease for at least one 

order of magnitude174. Potentially, together with DC-mediated solubilization of CCL2111 a T 

cell response is kept at bay. 

Whereas naïve lymphocytes circulate mainly among secondary lymphoid organs, antigen 

experienced lymphocytes express a distinct combination of chemokine, adhesion, and lipid 

chemoattractant receptors to utilize the chemokine `satellite navigation system` to find the 

right place at the right time. Despite the well-defined role of the CCR7 axis in recruiting 

lymphocytes to secondary lymphoid organs, there is evidence suggesting that CCR7-

dependent entry of effector cells to peripheral tissues is also of importance. CCL21 and also 

CCL19, albeit to a much smaller amount, are expressed in peripheral organs like skin97, 175, 

lung 176 and central nervous system177, 178. Although, TCR – pMHC experienced effector cells 

down-regulate CCR7 expression, CCR7 is generally still present in these cells. Furthermore, 
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CCR7 positive T cells are found in peripheral autoimmune lesions175. Therefore, it is not 

surprising that blockade of CCR7 or CCL21 reduces adoptively transferred effector cell 

recruitment to the lung in a model of airway challenge176. Further, absence of CCR7 in the 

resolution of peripheral inflammation, traps effector cells in the skin179, 180, the lung181 and 

the peritoneal cavity182. Thus, the absence of CCR7 impairs the resolution of peripheral 

immune responses, which can lead to autoimmune incidences.  

Despite its importance in initiating, balancing and resolving adaptive immune responses, 

CCR7 and its ligands play a crucial role in memory T cell biology. Two subsets of memory T 

cells, dependent on their expression of homing receptors have been defined: effector 

memory T cells (CCR7 low, L-selectin negative) and central memory T cells (CCR7 and L-

selectin expressing). While effector memory T cells scan the peripheral tissues for re-

occurrence of certain foreign antigens, central memory cells re-circulate through lymph, 

blood, and secondary lymphoid organs in search of reactivating antigens183. Taken together, 

CCR7 and its two ligands are central for not only mounting an adaptive immune response 

but also keeping it at balance. 

CCR7 signaling in disease - at the cross-road between balancing immunity and 

tolerance and its misuse in cancer 

Considering the already discussed multifaceted function of CCR7 and its two ligands on 

DCs and T cells and their concomitant importance for the organization of lymph node areas, 

it is not surprising to find CCR7 dependency in several pathological disease models85, 86, 126, 

184. In most models of immunity, inhibition of the CCR7- CCL19/CCL21 axis exhibit reduced or 

delayed immune responses, most pronounced when antigen is limited.  

Despite its role in immunity to pathogens, CCR7 is crucial for tolerance to harmless 

environmental antigens. The continuous CCL21-driven migration of DCs from the periphery 

represents the initial step for the so called peripheral tolerance. The migration of `semi-

mature` or `tolerogenic` DCs, that did not encounter pathogens, but instead report 

environmental antigens, relies entirely on their expression of CCR7103. Thus, DCs residing in 

mucosal sites induce tolerance by continuously sampling innocuous antigens and 

transporting harmless environmental antigens in a CCR7-dependent manner to secondary 

lymphoid organs, where they present those tolerogenic antigens to T cells. Several studies 
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reported that interference with the CCR7 axis resulted in manifestation of spontaneous 

autoimmunity185-188. On a cell biological level, autoimmunity during blockade of CCR7 and its 

ligands may arise from (1) inefficient negative selection of auto-reactive T cells in the thymus 

(2) incomplete maintenance of peripheral tolerance (3) defective function of regulatory T 

cells or (4) hampered resolution of peripheral inflammation.  

The fact that cancer cells can misuse CCR7 to intra- and extravasate at vascular sites was 

recognized in T cell leukemia patients where leukemia cells from adult patients with 

lymphoid organ infiltration expressed significantly higher levels of CCR7 than normal T cells 

or leukemia cells from patients without lymphoid organ involvement189. Subsequently, a 

hallmark study identified a crucial role for chemokine receptors, including CCR7, in breast 

cancer metastasis formation190. In fact, expression of a single chemokine receptor gene in 

cancer cells, as exemplified by CCR7 on melanoma, results in a significant increase in 

metastasis formation in draining lymph nodes, suggesting that cancer cells can adopt normal 

mechanisms of lymph node homing191. Expression of CCR7 on tumor cells has mainly been 

reported for breast cancer, melanoma, non-small cell lung cancer, prostate cancer, head-

and-neck cancer, chronic lymphocytic leukemia, non-Hodgkin’s lymphoma, T cell leukemia, 

stomach cancer, and colorectal cancer192. 

Under pathophysiological conditions, for instance where abnormal cell growth with the 

potential to spread or invade to other parts of the body occurs, the CCR7-CCL19/CCL21 axis 

is primarily responsible for lymph node metastasis formation by recruiting tumor cells to the 

T cell zone of lymph node192, 193. Cancer cells of several tumors up-regulate CCR7 and 

disseminate from the primary tumor presumably by sensing the immobilized CCL21 gradient 

and actively migrate towards the next lymphatic vessel (Figure 7). Moreover, metastatic 

cancer cells were shown to produce CCR7 ligands that, under interstitial flow, create an 

autologous, transcellular chemokine gradient permitting cancer cells to migrate towards 

draining lymphatics194. Remarkably, CCL21 released from lymphatic endothelial cells also 

promotes a directed growth of melanoma cells towards the lymphatics195. Interestingly, 

under inflammatory conditions, CCL19 and CCL21 were found to be up-regulated in 

endothelial cells of the blood–brain barrier196 enabling acute T cell leukemia cells to infiltrate 

into the central nervous system in a CCR7-dependent manner197. Furthermore, CCR7 also 

contributes to tumor cell survival by activating the PI3K/Akt signaling pathway198.  
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Figure 7: CCR7- Central roles in tumor cell dissemination, migration and metastasis 
formation Cancer metastasis is a process highly dependent on the interactions between tumor and 
host stromal cells. CCL21 promotes migration and invasion of cancer cells via CCR7. Cyclooxygenase2 
(COX2) expressed in tumor cells generates prostaglandin E2 (PGE2) that amplifies tumor cell 
proliferation and extracellular matrix (ECM) degradation by metalloproteinase 2 (MMP2) and MMP9. 
In response to CCL21 tumor cells polarize, resulting in a leading edge that protrudes outward, 
coupled with contractile forces at the back and sides of the cell that leads to movement towards the 
CCL21 source. Cancer cells migrate along the CCL21 gradient until they reach the site for secondary 
colonization, e.g. the T cell zone of lymph nodes. 

The role of CCL19 and CCL21 in metastasis formation is well established and positions the 

homeostatic chemokine receptor CCR7 in central position in regulating this process. Tumor 

cells can behave like normal cells when they are using the herein described molecular 

`satellite navigation system` directing them on pre-set CCL21 covered `cellular highways` like 

a vehicle is led to a particular destination defined by a post code. However, accumulating 

evidence is emerging that both the tumor and the immune system simultaneously evolve 

strategies to interfere each other by means of the CCR7-CCL19/CCL21 axis. Thus, co-

evolution might be inherited to develop novel strategies to prevent tumor cell migration 

whilst leaving immune cell migration unaffected. Further studies on CCR7, particularly on its 

regulation of expression and on distinct signaling pathways, are thus required for a better 

understanding of this fundamental process of homing.     
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Aim of the study 

The chemokine receptor CCR7 and its ligands CCL19 and CCL21 control a plethora of 

diverse migratory events in health and disease. Most prominently, by guiding T cells and DCs 

to and within lymphoid tissues CCR7 contributes to both immunity and peripheral tolerance. 

However, CCR7 and its ligands are also involved in a multitude of adaptive immune 

functions, including organization of thymic architecture and thymocyte development, 

secondary lymphoid organogenesis, regulatory and memory function and lymphocyte egress 

from tissue. Given the importance and the multitude of functions of CCR7, it is not surprising 

that CCR7 and its ligands CCL19 and CCL21 are tightly regulated on, as it appears, numerous 

levels.  

The understanding of the cellular and molecular mechanisms and its complex regulation 

that enables the CCR7 – CCL19/CCL21 axis to exert its functions, sets the groundwork for 

biomedical implications. New ways of reducing CCR7-driven migration are desired in the 

case of chronic inflammatory diseases or the prevention of metastasis formation, whereas 

enhancing CCR7-driven migration is highly appreciated in attempts to boost the immune 

system in a vaccine response. 

Consequently, we were driven by the questions: what are the underlying molecular 

mechanisms, how do they contribute to diverse CCR7 functions and how can we modulate 

them? Therefore, we started to address these questions by performing several orthogonal 

screening approaches. Knowing potential interaction partners and post translational 

modifications the following questions were investigated: 

(1) How is CCR7 recognizing and processing spatial information provided by chemokine 

gradients? 

(2) Does CCR7, as other GPCRs, form oligomers, and what function have putative CCR7 

oligomerization? 

(3) Despite serine/threonine phosphorylation, what posttranslational modifications 

occur at CCR7 and what are their functional consequences? 

(4) Does T cell receptor activation influences CCR7-mediated chemotaxis? 

(5) Is there a CCR7 specific signal amplification mechanism that allows CCR7 to read 

guidance cues also in swallow gradients? 
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Host defense depends on orchestrated cell migration guided by chemokines 

that elicit selective, but biased signaling pathways to control chemotaxis. Here, we 

identify that different inflammatory stimuli provoke oligomerization of the 

chemokine receptor CCR7 enabling human dendritic cells and T cell subpopulations 

to process guidance cues not only through classical G-protein-dependent signaling 

but also by integrating a novel oligomer-dependent Src kinase signaling pathway. 

Efficient CCR7-driven migration depends on a hydrophobic oligomerization 

interface at the conserved NPXXY motif of GPCRs as shown by directed 

evolutionary screening and a CCR7-SNP demonstrating super-oligomer 

characteristics leading to enhanced Src activity and superior chemotaxis. 

Furthermore, Src phosphorylates oligomeric CCR7, thereby creating a docking site 

for SH2-domain-bearing signaling molecules. Finally, we identify CCL21-biased 

signaling that involves the phosphatase SHP2 to control efficient cell migration. 

Collectively, our data feature a new concept that CCR7 oligomers serve as 

molecular hubs regulating distinct signaling pathways. 
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Introduction 

Acute inflammation is the host’s major reaction to invading pathogens and the 

coordinated recruitment of cells to distinct sites is a hallmark of the immune system to 

eliminate the intruder199. Locally residing dendritic cells (DCs) sense the invading pathogen 

and transport antigens to the draining lymph nodes to launch a pathogen-specific adaptive 

immune response involving T and B cells200. Orchestrated migration of antigen-loaded DCs 

and T cells to secondary lymphoid organs relies on the chemokine receptor CCR7 and its two 

ligands, CCL19 and CCL21; and alterations within the CCR7-CCL19/CCL21 axis severely 

impairs both immunity and tolerance85, 86. Of note, DCs encountering infectious or 

inflammatory insults undergo maturation and induce CCR7 expression. Lymphatic 

endothelial cells in the skin constitutively produce CCL21 forming a chemokine gradient97. 

This haptotactic chemokine gradient guides CCR7-expressing DC migration from the 

perilymphatic interstitium into the lymphatic capillaries. DCs are then transported by the 

lymph flow into the subcapsular sinus of the draining lymph node from where DCs again 

actively migrate along a CCL21 gradient established between the T zone and the subcapsular 

sinus201. Circulating CCR7-expressing T cells enter lymph nodes through high endothelial 

venules, where CCL21 is presented by glycosaminoglycans and facilitates integrin activation 

and entrance. There, CCR7 signaling contributes to intranodal motility of T cells and their 

encountering with antigen-bearing DCs116. 

Given the importance of CCR7 and its ligands in immunity and tolerance, tightly 

regulated production of both receptor and ligands have been reported to ensure 

appropriate responses85. In addition, several post-translational mechanisms have been 

observed to regulate cell responses to CCL19 and CCL21. Most prominently, inflammatory 

signals202 and the inflammatory lipid mediator prostaglandin (PG)E2
95, 96 were identified as 

key factors for fast and efficient DC migration and homing to lymph nodes. Despite this key 

function, the underpinning molecular mechanism enabling fast and efficient DC migration is 

unknown. 

Chemokine receptors belong to the class A of G-protein-coupled receptors (GPCRs) and 

utilize heterotrimeric G-proteins to initiate signal transduction. Most chemokine-driven 

signaling events rely on pertussis toxin (PTx) sensitive Gi-protein coupling, including those 

responsible for lymph node homing203. However, recent discoveries point to alternative but 
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poorly defined signaling possibilities of chemokine receptors. Most conspicuously, effector T 

cells – in contrast to naïve T cells – were shown to exploit Src kinase activity to bypass 

chemokine-mediated Gi-protein signaling to arrest and crawl on inflamed vessels99. The 

relatively new concept by which a GPCR ligand can preferentially activate one of several 

available signaling pathways is termed biased signaling204, 205. Notably, selective signaling by 

CCL19 and CCL21 have been identified down-stream of CCR7. CCL21, through its unique, 

highly charged C-terminal extension, binds to glycosaminoglycans, becomes immobilized and 

drives integrin-mediated adhesion and migration11. Conversely, only CCL19 induces robust 

CCR7 phosphorylation on Ser/Thr residues77 by G-protein-coupled receptor kinase 376 

resulting in -arrestin recruitment and CCR7 internalization12, 206. How the two ligands can 

trigger distinct CCR7 signaling pathways remains poorly understood. 

The complexity of chemokine signaling is further enlarged by receptor homo- and 

hetero-oligomerization. Both allosteric inhibition as well as synergistic activation of 

chemokine receptor hetero-oligomerization have been reported for various receptor 

pairs207. For CCR7, it is interesting to note that HIV-1 was shown to evoke CXCR4 signaling 

promoting CCR7-mediated CD4+ T cell responses through an unknown mechanism that 

possibly involves oligomerization208. Astonishing recent structural discoveries derived from 

non-chemokine receptors revealed that in a GPCR dimer only one receptor is able to interact 

with the G-protein and that the G-protein-free GPCR is capable to allosterically modulate the 

signaling outcome of the receptor dimer47, 209. This might provide a new twist for 

understanding functional consequences of chemokine receptor oligomerization. Inspired by 

these findings, we posed the question whether environmental conditions, such as 

inflammatory stimuli, are able to modulate the oligomerization state of CCR7 enabling 

alternative signaling that account for efficient T cell and DC migration. 

Here, we identified that an inflammatory signal mediated by PGE2 provokes CCR7 

oligomerization on human monocyte-derived (Mo)DCs resulting in efficient migration. The 

same signals were found to down-regulate the cholesterol metabolism in MoDCs. As cells 

treated with cholesterol-lowering drugs enhanced CCR7 oligomerization, we propose that 

PGE2 lowers cholesterol levels to promote CCR7 oligomerization and efficient DC migration. 

Moreover, we identified CCR7 oligomers on DCs proximal to lymphatic vessels in human 

skin. In addition, we show that CCR7 oligomers function to integrate G-protein-dependent 
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and Src kinase-dependent signaling at the GPCR oligomer. By using directed evolutionary 

screening, we developed the concept that efficient CCR7-driven cell migration depends on 

receptor oligomerization. This concept is substantiated by the identification of a CCR7-SNP 

owning super-oligomer characteristics manifested by enhanced Src activity and superior 

chemotaxis. Furthermore, we discovered that Src tyrosine phosphorylates CCR7 and 

demonstrate that this phosphorylation site serves as docking site for SH2-domain bearing 

signaling molecules. Finally, we identified a CCL21-biased signaling pathway involving the 

phosphatase SHP2 that controls efficient cell migration. 

Results 

PGE2 induces CCR7 oligomerization and promotes efficient DC migration 

DCs reside as sentinels in the skin and mucosal tissue and sample the periphery for 

invading pathogens. Following activation by infectious or inflammatory stimuli, DCs migrate 

into draining lymph nodes in a CCR7-dependent manner where they present peripherally 

acquired antigens to T cells, thereby launching an adaptive immune response. Notably, 

initiation of skin immune responses and DC homing is severely impaired in mice lacking the 

PGE2 receptor EP495. Similarly, human ex vivo DCs and MoDCs efficiently migrate in response 

to CCR7 ligands only if DCs were exposed to PGE2 (Figure 1A;96). This pro-migratory DC 

phenotype cannot be explained by PGE2-mediated up-regulation of CCR7 expression (Figure 

1B) or by altered classical chemokine receptor signaling210. Since GPCR oligomerization was 

postulated to facilitate alternative signaling209, we thought to investigate whether PGE2 

triggering might modulate the oligomerization state of CCR7 and thereby facilitate efficient 

DC migration. To this end, we measured protein-protein interaction of endogenous CCR7 

molecules in situ by proximity ligation assay (PLA). Indeed, profound CCR7 oligomerization, 

as manifested by red fluorescent dots, was most prominently found in human MoDCs 

matured in the presence of PGE2 (Figure 1C). Interestingly, CCR7 oligomerization was also 

observed on activated, CD3/CD28-expanded human effector T cells and central memory T 

cells (Figure S1A). Moreover, CCR7 oligomers were also detected on freshly isolated PBLs 

and naïve T cells but to a much lower level (Figure S1A), suggesting that activation signals in 

general promote CCR7 oligomerization. In line with our observations on MoDCs, CD45RO+ 

human T cells were reported to migrate more efficiently in response to CCL21 than CD45RA+ 
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T cells211. In our experimental setup, activated T cells migrated readily but less efficient in 

response to CCR7 ligands165, but were more resistant to G-protein inhibition by PTx (Figure 

S1C). 

To explore CCR7 oligomerization in vivo, we measured CCR7-CCR7-interaction by PLA in 

human skin biopsies. Interestingly, CCR7 oligomerization was mainly found in proximity of 

LYVE-1 positive lymph vessels (Figure 1Di,Ei), but hardly in neighboring tissue distal from 

lymphatics (Figure 1Dii,Eii). Subsequent co-staining experiments revealed that cells 

possessing CCR7 oligomers were CD11c or CD3 positive (Figure 1F). Thus, we identified CCR7 

oligomerization not only on cells that migrated into human skin lymphatics, but also on 

PGE2-exposed MoDCs that readily migrate in response to CCR7 ligands, suggesting a role of 

CCR7 oligomerization in efficient cell migration. 

PGE2 regulates cellular cholesterol levels to facilitate CCR7 oligomerization on DCs 

As DC homing is impaired in inflammatory disease models where cholesterol 

accumulates in the skin212, and because cholesterol intercalation between two 2-AR 

molecules has been shown to modulate the GPCR dimer interface (Figure 1I)62, 213, we 

determined CCR7 oligomerization in MoDCs treated with low doses of cholesterol-lowering 

drugs (Mevastatin and Pravastatin to inhibit cholesterol biosynthesis; methyl--cyclodextrin 

(MCD) to sequester plasma membrane cholesterol) and with cholesterol oxidase. 

Interestingly, lowering cholesterol levels in MoDCs significantly increased CCR7 

oligomerization (Figure 1G,H). Based on these observations we examined whether DC 

maturation modulates the expression of enzymes for cholesterol biosynthesis. Strikingly, we 

found that MoDC maturation is accompanied by down-regulation of major constituents of 

the cholesterol biosynthesis, metabolism and transport pathways, whereas the cholesterol 

hydrolase CYP7B1 is significantly up-regulated (Figure 1J,K). Importantly, gene regulation of 

key enzymes controlling cellular cholesterol was significantly more pronounced in PGE2-

matured MoDCs (Figure 1K), indicating that PGE2 enables CCR7 oligomerization by lowering 

cellular cholesterol. 
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Figure 1. Inflammatory signals induce CCR7 oligomerization, cellular cholesterol 

depletion and promote DC migration. (A) Human MoDCs migrate efficiently in Transwell assays 
towards CCL19 and CCL21 only if DCs were exposed to a second signal by PGE2. (B) Surface 
expression of CCR7 on human MoDCs matured in the presence (dashed black lines tinted blue) or 
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absence (black line) of PGE2. Isotype control in tinted light grey. (C) Micrographs of DIC and confocal 
3D reconstruction showing CCR7 oligomerization measured by PLA using anti-CCR7 mAb (clone 6B3) 
on human MoDCs matured with cytokine cocktail (CC) in the presence or absence of PGE2. (D-F) 
Micrographs of CCR7 oligomers determined by PLA using anti-CCR7 mAb (clone 6B3) at LYFE-1+ 
lymph vessels (D) or using anti-CCR7 antibody (clone mab197) on CD11c+ and CD3+ cells (F) in snap 
frozen human skin sections (thickness: 8μm). Squares indicates magnification for I (middle) and II 
(bottom). (G) Micrographs of DIC and confocal 3D reconstruction of CCR7 oligomers on human 
MoDCs matured with CC and PGE2 in the absence (untreated) or presence of Mevastatin or 

Pravastatin. In addition, mature MoDCs were treated with MCD or cholesterol oxidase for 2h. (H) 
Quantification of CCR7 oligomerization upon cholesterol deprivation in MoDCs as shown in (G) from 
at least 190 cells from six individual experiments. (I) Structural model of CCR7 interacting with the 
trimeric G-protein with cholesterol (in red) at a putative CCR7 dimer interface. (J) Down-regulation 
(in red) of genes encoding for enzymes involved in cholesterol metabolism and transport in human 
MoDCs determined by quantitative real-time PCR. See supplement for further details. (K) Changes in 
the expression levels of selected genes depicted in (J) in MoDC upon maturation and PGE2 
stimulation. Data are from 4-6 independent experiments of individual donors (A-H,J-K). Error bars 

represent SD; ANOVA with Tukey (A,K) or Dunnett (H) post test. Scale bars: 10m. See also Figure S1. 
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Figure S1. Differential CCR7 oligomerization state on naïve versus effector T cells, 
related to Figure 1. (A) Oligomerization of CCR7 on freshly isolated human PBLs, untouched naïve 
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CD4+ cells, untouched CD3+/CD45RO+ cells or anti-CD3/CD28-expanded CD3+ T cells (9 days) was 
determined by PLA using anti-CCR7 mAb (clone 6B3). One representative image derived from six 
independent experiments. Scale bar: 10μm. (B) Cholesterol sequestration by MβCD transiently 
enhances CCL19-driven migration of primary human T cells. Freshly isolated human T cells were kept 
overnight in RMPI-1640 medium supplemented with 2% human AB serum to allow recovery of the 
cells after isolation. T cells were afterwards treated or not with indicated concentrations of the 
cholesterol lowering drug MβCD or with MβCD pre-saturated with cholesterol (5:1 ratio) for 30 min 
and subjected to 2D TranswellTM chemotaxis assays for 1h in response to 0.5μg/ml of CCL19. n=3; 
mean ± SEM. CCR7 surface expression after MβCD or MβCD:cholesterol treatment was determined 
using anti CCR7-APC antibody staining and flow cytometric analysis (C) Naïve and effector T cells are 
differentially sensitive to Gαi inhibition. Freshly isolated primary human T cells or 7d CD3/CD28 
activated T cells were pre-treated with increasing low dose concentrations of the Gαi inhibitor PTx for 
2h and subjected to 2D TranswellTM chemotaxis assays in response to 0.5μg/ml of CCL19/CCL21. n=6; 
mean ± SEM. 
 

CCR7 forms homo-mers in the steady-state and oligomerization is further enhanced by 

cholesterol sequestration and upon ligand binding 

Given that we identified CCR7 oligomerization on MoDCs and on cells migrated into skin 

lymphatics, we were prompted to decipher the underlying mechanism. Therefore, we first 

conducted Förster resonance energy transfer (FRET) experiments by donor-recovery after 

acceptor bleaching between two CCR7 molecules. A marked FRET signal was measured 

between CCR7-CFP and CCR7-YFP in steady-state (Figure 2A,B,S2A). The FRET signal was 

enhanced upon cholesterol sequestration (Figure 2C). In addition, we used the split-YFP-

based bimolecular fluorescence complementation (BiFC) approach 214 to corroborate 

oligomerization, where two non-fluorescent YFP fragments are fused to two distinct CCR7 

molecules. Upon CCR7 dimerization the two non-fluorescent halves of YFP1 and YFP2 are 

reconstituted to form a native YFP that emits its fluorescent signal upon excitation (Figure 

S2B). Under steady-state conditions, CCR7 molecules were expressed as homo-dimers 

(Figure 2D). CCR7 dimerization was not due to molecular crowding and coincidental collision 

at the plasma membrane, as no hetero-dimerization was detected with increasing amounts 

of TMEM16a or by co-expressing the GABA transporter GAT1 (Figure 2E,S2C). Moreover, 

CCR7 dimerization further increased upon CCL19 and CCL21 stimulation as assessed by BiFC 

and FRET (Figure 2E,S2D). Notably, complemented CCR7-YFP dimers were readily observed 

in endosomal vesicles upon CCL19 stimulation demonstrating normal trafficking of the CCR7 

oligomer (Figure 2D). Using chemical crosslinking of endogenous cysteines within CCR7 

allowing to distinguish a monomer from a crosslinked oligomer on non-reducing SDS-PAGE, 
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we found that cholesterol sequestration by MCD enhanced CCR7 dimerization as indicated 

by the high-molecular weight band (Figure 2F). No molecular weight shift was observed 

upon treatment with cholesterol saturated MCD. Notably, cholesterol sequestration by 

MCD not only facilitated CCR7 oligomerization but also enhanced CCR7-driven cell 

migration (Figure S1B). These findings demonstrate specific CCR7 oligomerization not only in 

the steady-state but also upon ligand stimulation and upon cholesterol sequestration. 

Determining the CCR7 oligomerization interfaces 

To gain insights into the function of the CCR7 dimer, we first aimed to identify the 

interfaces of the CCR7 oligomer by exploiting cysteine-crosslinking. Therefore, we 

introduced individual cysteine residues at the beginning and end of every transmembrane 

domain (TM) of CCR7. The cysteine residues can be chemically crosslinked in case the TM 

domains are adjacent within a symmetric oligomer. We found that the introduced cysteines 

at the cytoplasmic TM3 and TM7 as well as extracellular TM1, TM2, TM3 and TM7 can be 

crosslinked (Figure 2G).  
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 Figure 2. CCR7 forms oligomers in steady state, is ligand and cholesterol sensitive and 
involves two interfaces. (A) Confocal image of CCR7 homo-oligomerization determined by FRET 
acceptor bleaching in HEK293 cell transfectants. (B,C) Quantification of FRET efficiency in HEK293 

cells expressing CCR7-YFP and indicated constructs. Cells were treated or not with MCD or 

cholesterol pre-saturated MCD (C). (D) Confocal image of CCR7 homo-oligomerization determined 
by BiFC. (E) Quantification of CCR7 oligomerization measured by BiFC and flow cytometry in HEK293 
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transfectants upon stimulation with chemokines. (F) CCR7 dimerization determined by chemical 
crosslinking of endogenous cysteines in non-reducing SDS-PAGE in HEK293 transfectants treated or 

not with 5 mM MCD or cholesterol-pre-saturated MCD. (G) CCR7 dimerization illustrated by 
crosslinking cysteine-residues introduced at indicated positions adjacent to the TM. (H) Structure 

model of oligomeric CCR7 based on 1-AR (PDB 4GPO). Surfaces involved in the dimer interfaces are 
highlighted in blue. Conserved GPCR domains are shown in green (DRY motif) and red (NPXXY motif). 
TM, N- and C- termini are indicated. Side view, as well as views from the extracellular and the 
cytoplasmic surface of the oligomers are shown. Data represent 3 (D) or 4 independent experiments. 
Error bars represent SEM (B,C) or SD (E). ANOVA with Tukey post test. See also Figure S2. 

To develop testable hypotheses on the function of CCR7 oligomerization we fitted the 

amino acid structures of CCR7 into solved crystal structures of oligomeric GPCRs by 

considering insights from the crosslinking experiment. As templates to model oligomeric 

CCR7 we used the oligomeric structures of β2-AR (Figure 2H), CXCR4/µ-opioid-receptor 

(Figure S2E) and CCR5 (Figure S2F). All three CCR7 models predict a first common dimer 

interface comprising the end of TM7 and helix (HL)8. In contrast, the second dimer interface 

differs substantially between models. Whereas the second dimer interface of the β2-AR- and 

the CCR5-based CCR7 model includes the tip of TM1, TM2 and intracellular loop (ICL)2 

(Figure 2H,S2F), the second dimer interface of the CXCR4-based CCR7 model includes TM5 

and TM6 (Figure S2E). To test the three CCR7 models, we generated CCR7 mutants where 

two key residues in either ICL2, HL8 or TM5 were replaced by alanines, and expressed them 

in our split-YFP BiFC system. As the alanine mutation in TM5 was expressed at the plasma 

membrane but did not influence CCR7 dimerization (Figure S2G), we excluded the CXCR4-

based CCR7 oligomerization model. In contrast, mutations in ICL2 and HL8 profoundly 

diminished CCR7 oligomerization, but also prevented its surface expression (Figure S2G). The 

β2-AR- and CCR5-based CCR7 models differed primarily in the symmetry of higher oligomers. 

In the β2-AR-based CCR7 model the oligomers were arranged as head-to-head and tail-to-tail 

tandems, whereas in the CCR5-based model the oligomers were arranged in a stacked head-

to-tail confirmation. As we cannot further discriminate the two remaining models 

experimentally, we are considering both CCR7 oligomer models for further analysis. 

Nonetheless, we corroborate CCR7 oligomerization by identifying CCR7 oligomerization 

interfaces, one involving TM7 and HL8 and the other one comprising ICL2, TM1 and TM2 and 

provide CCR7 oligomer models that can now be tested functionally. 
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The hydrophobic interaction surface proximate to the NPXXY motif in TM7 is key for CCR7 

oligomerization 

To determine the functional consequence of CCR7 oligomerization, we next aimed to 

identify CCR7 mutants that were impaired in forming oligomers but remained readily 

expressed at the cell surface. To achieve this, we established and performed a directed 

evolutionary screen (Figure 3A). Therefore, we cloned a library of CCR7 mutants randomly 

modified in ICL2 and TM7/HL8 in our split YFP1 vector. The library was then transfected into 

cells expressing wild-type CCR7-YFP2. Cells expressing CCR7 mutants that were no longer 

capable of reconstituting YFP due to the inability to form oligomers were sorted and the 

transfected plasmids were recovered, amplified, diversified by random mutagenesis and re-

transfected (Figure 3A). Then, we sorted cells that expressed CCR7 mutants at the plasma 

membrane but were negative for YFP complementation (Figure 3A). Strikingly, by 

sequencing the recovered plasmids we identified distinct CCR7 mutants that all harbored a 

single point mutation in the vicinity of the NPXXY motif of TM7 (Figure 3C,S3C). We next 

performed plasmid titration transfection experiments and determined the oligomerization 

state of the CCR7 mutants using BiFC. The CCR7 mutants A315G (Figure 3B) and L325S 

(Figure S3A) showed profoundly reduced oligomerization compared to wild-type CCR7. 

Generating a CCR7 A315G,L325S double mutant further decreased the ability to oligomerize 

(Figure 3B). Notably, the identified oligomerization-defective mutants possess a reduced 

hydrophobic interaction surface in the first dimer interface of our oligomeric CCR7 models. 
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 Figure S2. CCR7 oligomerization is ligand sensitive, but independent of molecular 
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crowding, related to Figure 2 (A) Intra-molecular FRET of CCR7 molecules. FRET AB measurement 
of CCR7-YFP stably transfected HEK293 cells transfected with increasing amounts of plasmids 
encoding foe either CCR7-CFP or the 7-TM spanning channel TMEM16a-CFP. FRET AB was measured 
using the Leica FRET wizard over the whole cell and depicted as FRETeff=(Dpost-Dpre)/Dpost. n=2; mean ± 
SEM (B) Schematic representation of the oligomeric CCR7 Bimolecular fluorescence 
complementation (BiFC) assay. Two distinct CCR7 molecules are C-terminally tagged with non-
fluorescent halves of YFP1 (CCR7y1) and YFP2 (CCR7y2). Upon physical interaction of two CCR7 
receptors harboring the YFP fragments are reconstituted to native excitable YFP. (C) CCR7 does not 
form hetero-oligomers with the GABA transporter 1 (GAT1). HEK293 cells were transiently 
transfected with either CCR7y1 and CCR7y2 or CCR7y1 and GAT1y2. Cells were stimulated with either 
0.5µg/ml CCL19 or CCL21 and oligomerization was measured by BiFC and quantified by flow 
cytometry. Data represent mean ± SD of n=4 independent experiments. (D) CCR7 oligomerization is 
increased upon chemokine stimulation. HEK293 cells stably expressing CCR7-YFP were transiently 
transfected with CCR7-CFP. FRET was measured by confocal microscopy using the FRET-sensitized 
emission wizard over the whole cell and depicted as FRETeff=(Dpost-Dpre)/Dpost. Cells were stimulated 
with 0.5μg/ml CCL19. Depicted is the response of 5 different cells. n=3 (E,F) Structure model of 
oligomeric CCR7 based on CXCR4/μ-opioid receptor (PDB 4DKL) or CCR5 (PDB 4MBS). Surfaces 
involved in the dimer interfaces are highlighted in blue. Conserved GPCR domains are shown in green 
(DRY motif) and red (NPXXY motif). TM are indicated. (G) Rationally designed CCR7 oligomer 
defective mutants are not expressed at the plasma membrane. Histogram analysis of CCR7 surface 
expression (upper panel) and CCR7 oligomerization using BiFC (lower panel) as determined by flow 
cytometry of a representative experiment out of three is shown. Isotype control (upper panel) or 
non-transfected cells (lower panel) are indicated in tinted grey. 
 

Generation and identification of natural CCR7 super-oligomerizers 

Based on the discovery that the hydrophobic interaction surface in the dimer interface is 

key in determining the oligomerization state, we hypothesized that enlarging the 

hydrophobic surface near the NPXXY motif might further increase CCR7 oligomerization. 

Intriguingly, doubling the hydrophobic interaction surface by replacing A315 to valine 

created a CCR7 mutant behaving as super-oligomerizer (Figure 3B). Next, we wondered 

whether any natural single nucleotide polymorphism (SNP) variant of CCR7 would follow this 

rule. By searching the public SNP database of NCBI 

(http://www.ncbi.nlm.nih.gov/projects/SNP/ snp_ref.cgi?geneId=1236) we indeed identified 

a natural G to A nucleotide polymorphism at position 1024 (SNP rs200720683), revealing a 

V317I substitution, occurring with a heterozygosity of 0.002, which exactly follows our rule. 

We cloned this CCR7 V317I SNP and demonstrated its super-oligomerization property by 

BiFC (Figure 3B). Taken together, we discovered that the hydrophobic surface of the dimer 

interface build between TM7 and HL8 determines the oligomerization state of CCR7. 

Moreover, we identified CCR7 mutants which are impaired in forming oligomers and 

discovered a natural CCR7 SNP acting as super-oligomerizer. 

http://www.ncbi.nlm.nih.gov/projects/SNP/%20snp_ref.cgi?geneId=1236
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Oligomerization state of CCR7 determines cell migration efficiency 

Next, we generated immune cell lines expressing the CCR7 oligomer mutants to 

determine their migratory capacity. Significantly less cells expressing CCR7 mutants with 

reduced oligomerization state migrated in response to CCL19 and CCL21 in 2D Transwell 

assays (Figure 3D) and through 3D collagen I matrix (Figure S3B) as compared to cells 

expressing wild-type CCR7. In contrast, two to three times more cells expressing the super-

oligomerizing CCR7 V317I SNP migrated towards CCL19 and CCL21 (Figure 3D,S3B). Hence, 

our data reveal that enhanced CCR7 oligomerization correlates with the capacity to promote 

efficient cell migration. Next, we sought to design peptides mimicking the dimer interfaces 

which ideally would intercalate between two CCR7 molecules thereby interfering with 

receptor oligomerization. To strengthen the interaction of the peptides with the dimer 

interface, we also designed peptides where amino acids were substituted to allow additional 

ionic interactions. Based on our CCR7 oligomerization models, we designed five different 

peptide candidates (Figure 3C,S3C). Incubation of cells expressing CCR7 split-YFP constructs 

with the peptides reduced CCR7 oligomerization (Figure S3D). Moreover, primary human T 

cells incubated with the intercalating peptides, but not with scrambled peptides, hampered 

cell migration in response to CCR7 ligands (Figure 3E) without down-regulating CCR7 surface 

expression (Figure S3E). 

As chemokine binding (Figure S3F) and G-protein activation (Figure S3G,H) were similar 

for wild-type CCR7 and their oligomerization mutants, it is tempting to speculate that CCR7 

oligomerization promotes efficient cell migration through an additional alternative signaling 

pathway aside Gi activation. 
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Figure 3. Cell migration efficiency is determined by the oligomerization state of CCR7. 
(A) Illustration of the directed evolutionary screening approach to identify surface expressed, 
oligomer-deficient CCR7 mutants. (B) Determining the oligomerization state of CCR7 mutants and of 
a natural CCR7 SNP measured by BiFC and quantified by flow cytometry in transiently transfected 
HEK293 cells. (C) Localization of the mutants in the β2-AR-based CCR7 oligomer model. Residues 
involved in CCR7 oligomerization are in red. Designed peptides mimicking the dimer interface for the 
inhibition study are shown in violet. (D) Specific migration of 300-19 cell transfectants expressing 
CCR7 mutants in 2D TranswellTM chemotaxis assays. (E) Specific Transwell migration of primary T cells 
treated with designed peptides mimicking the dimer interface in response to CCL19 and CCL21. Mean 
values ± SEM of 4 (E), 6 (D) or 8 (B) experiments; ANOVA with Tukey post test. See also Figure S3. 
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 Figure S3. CCR7 oligomerization shapes migratory response other than by chemokine 
binding or G-protein activation, related to Figure 3. (A) Characterization of an additional 
oligomerization-defective CCR7 mutant derived from the direct evolutionary screen. The CCR7 L325S 
mutant was characterized by BiFC as described in Figure 3. Mean values ± SEM, n=8. (B) Efficient 3D 
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cell migration depends on CCR7 oligomerization state. Specific cell migration of 300-19 CCR7 
transfectants in response to 0.5μg/ml CCL19 or CCL21 was determined in 3D collagen migration 
assays. Mean values ± SEM, n=4. (C) Localization of the mutants in the CCR5-based CCR7 oligomer 
model. Residues involved in CCR7 oligomerization are highlighted in red. Amino acid sequence of the 
dimer interface used to design peptide inhibitors are shown in violet. (D,E) Peptides directed against 
oligomerization interfaces decrease CCR7 oligomerization. HEK293 cells transfected with CCR7y1 and 
CCR7y2 were treated for 5h with 50μM peptide mix consisting of the peptides FWAYSAAKG, IPELLLYS 
and VRNFKAWFLPIM. CCR7 oligomerization was determined by BiFC and flow cytometry (D). 
Simultaneously, CCR7 surface expression of PBLs treated with 50µM peptide mix (FWAYSAAKG, 
IPELLLYS, VRNFKAWFLPIM) was measured by flow cytometry using a specific antibody (E). One 
representative experiment out of three. (F) CCL19 binding to CCR7 oligomerization mutants. 300-19 
pre-B-cells stably transfected with indicated CCR7 oligomerization mutants were treated on ice with 
increasing concentration of CCL19-Fc12 and stained using PE labelled anti-human-Fc antibody. CCL19-
Fc binding and CCR7 surface expression was determined by flow cytometry. Binding was calculated 
relative to CCR7 surface expression. (G) Oligomer defective CCR7 mutants are still able to couple to 
Gαi. HEK293 cells stably expressing CCR7 mutants were pre-treated with 50μM forskolin prior to 
stimulation with 0.5µg/ml CCL19. The DNY mutant is known not to couple to Gαi

215 and served as 
internal control. Cells were lysed and cellular cAMP levels were determined by using cAMP 
competition ELISA. (H) CCR7 oligomerization mutants show normal G-protein activation. G-protein 
activation was visualized using an antibody directed to the GTP-bound form of Gαi. CCR7 was stained 
using anti-HA antibody. A representative image from three experiments is shown. Scale bar: 10μm. 

The CCR7 oligomer serves as signaling scaffold for Src 

Since effector T cell crawling on inflamed vessels relies on Src activity99 and because Src 

kinases modulate CCR7-driven T cell migration165, we investigated whether Src kinase 

interacts with the CCR7 oligomer. Interestingly, Src interacted with CCR7 already in the 

steady-state (Figure 4A,S4A). Surprisingly, Src interaction with the CCR7 mutants owning to a 

reduced oligomerization capacity (L325S, A315G, A315G/L325S) was significantly reduced 

(Figure 4A,B). In contrast, both CCR7 super-oligomerizing mutants (A315V, V317I SNP) 

showed significantly augmented Src association (Figure 4A,B). Notably, CCR7 also interacted 

with Src in human MoDCs matured in the presence of PGE2 (Figure S4B). Moreover, Src must 

be anchored to the plasma membrane to interact with CCR7 and requires an intact SH3-SH2-

linker motif, but not its kinase activity (Figure S4C,D,E). Moreover, CCR7 triggering induced 

autophosphorylation of Src on Y416 (Figure 4C). Strikingly, chemokine-mediated SrcY416 

phosphorylation was strongly enhanced in cells expressing the CCR7 super-oligomerizers but 

severely impaired in cells expressing the oligomer-defective CCR7-A315G/L325S mutant 

(Figure 4C). Notably, CCR7-mediated SrcY416 phosphorylation was confirmed in primary 

human PBLs (Figure S4F). 
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Figure 4. Src associates with the CCR7 oligomer and becomes activated upon 
chemokine stimulation. (A) Confocal image of the Src-CCR7 interaction visualized by BiFC. (B) 
Quantification of the Src-CCR7 interaction by BiFC and flow cytometry. (C) Chemokine-driven Src 
phosphorylation in HEK293 cells expressing CCR7 mutants determined by Western blotting. (D) 
Model of the CCR7-G-protein-Src complex. Data represent 3 (A,C) or 6 (B) individual experiments. 
Error bars represents mean ± SD; ANOVA with Tukey post test. See also Figure S4. 

Structural insights derived from the β2-AR – G-protein complex on the one hand51 and 

the β2-AR oligomer on the other hand47 predict that in an oligomeric arrangement a GPCR 

tetramer allows docking of two G-proteins47. Hence, by arranging two CCR7 dimers as 

tetramer with one associated trimeric G-protein per dimer, Src theoretically fits into the free 

space in-between the G-proteins (Figure 4D). In this CCR7 tetramer model, Src not only 

would interact with the two central receptors, but also with the G-proteins bound to the 

outer receptors. To test this scenario, we monitored Src interaction with the G-protein. 

Indeed, Src not only interacted with the CCR7-mer, but also with Gαi, Gβ2 and Gγ2 (Figure 

S4G,H), which is in line with a study showing that Src is a direct effector of Gαi-proteins in 

reconstituted systems216. Astonishingly, at sites of Src – G-protein interaction, numerous 
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peripheral circular ruffles containing filamentous actin emerged (Figure S4G). Thus, our data 

reveal that the interaction of CCR7 with Src depends on the oligomeric state of the receptor 

establishing a new signaling scaffold to integrate G-protein and Src dependent pathways. 

 

Phosphorylation of CCR7 by Src contributes to efficient cell migration 

Since we found that the interaction of Src with CCR7 depends on receptor 

oligomerization and that Src is auto-phosphorylated upon CCR7 triggering, we examined 

whether Src is able to phosphorylate CCR7. Interestingly, tyrosine phosphorylation (pTyr) of 

CCR7 was found exclusively upon chemokine stimulation (Figure 5A,S5A). Chemokine-

induced CCR7 phosphorylation was completely abolished in cells pre-treated with the Src 

kinase inhibitor PP2, but not by blocking Gi signaling using PTx (Figure 5B). In line with CCR7 

oligomer-dependent Src interaction, chemokine-mediated pTyr of CCR7 was reduced in 

oligomerization-defective mutants, but enhanced in super-oligomerizers, including the CCR7 

V317I SNP (Figure S5B). Moreover, robust chemokine-mediated pTyr of CCR7 was found in 

mature MoDCs, particularly in those cells exposed to PGE2, corroborating oligomerization-

dependent pTyr of CCR7 (Figure 5C). As CCR2 has been shown to be phosphorylated on the 

conserved tyrosine of the DRY motif69, we mutated the corresponding Y155 of CCR7 to 

phenylalanine and found that chemokine-mediated pTyr was hampered (Figure 5D). 

Importantly, cells expressing CCR7 Y155F migrated profoundly less both in 2D and 3D trough 

collagen I towards CCL19 and CCL21 as compared to cells expressing wild-type CCR7 (Figure 

5E,S5C). Since the DRY motif is essential for G-protein coupling, we next examined whether 

the Y155F substitution affects G-protein coupling. In contrast to a CCR7 R154N (DNY) mutant 

that was unable to activate Gi and does not induce cell migration (Figure 5E,S5C,D), we 

measured normal G-protein activation and calcium mobilization upon chemokine binding in 

our CCR7 Y155F mutant (Figure 5G,S5D,E). Of note, we demonstrated that not only G-

protein inhibition but also Src inhibition abrogated CCR7-mediated migration of primary 

human T cells (Figure 5F), although G-protein inhibition was more effective. Taken together, 

we demonstrate not only that Src tyrosine phosphorylates CCR7, but also that Src inhibition 

and mutating the tyrosine residue within the DRY motif of CCR7 hampers cell migration. 
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Figure S4. Src interacts with its SH3-SH2 interface with the CCR7 oligomer and with the 
G-protein subunits. (A) Src co-immunoprecipitates with HA-tagged CCR7. HEK293 cells stably 
transfected with CCR7-HA were stimulated with 0.5 μg/ml CCL19 or CCL21 for indicated time points, 
cross-linked, lysed and CCR7 was immunoprecipitated using an anti-HA antibody. Co-
immunoprecipitated Src was detected by Western blotting. Depicted is one experiment out of three. 
(B) Steady-state interaction of Src and CCR7 in primary human MoDCs. CCR7-Src interaction on 
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immature and CC/PGE2-matured MoDCs was assessed by PLA. Illustrated is one experiment out of 3 
with independent donors. Scale bar: 10μm. (C,D) CCR7-Src interaction is mediated through the Src 
SH3-SH2-linker motif. HEK293 cells were transiently transfected with CCR7-YFP2 (CCR7y2) and/or Src-
YFP1 (Srcy1) or mutants thereof. Interaction by means of YFP complementation was measured by 
flow cytometry. Our data are in line with a previous report describing the interaction between Src 
and β2-AR217. Illustrated are mean ± SD of n=6 experiments (ANOVA with Tukey post test). (E) 
Illustration of Src deletion mutants. (F) Src activation in response to CCR7 triggering in primary 
human PBLs. Freshly isolated PBLs were stimulated for indicated time points with 0.5 μg/ml CCL19 or 
CCL21, lysed and Src phosphorylation determined by Western blotting. One experiment out of three. 
(G) Src interacts with the G-protein as assessed by BiFC. The interaction of Src with the 
heterotrimeric G-protein subunits was assessed in HEK293 cells transiently expressing Src-YFP2 
together with either G-protein subunits fused to YFP1 and visualized by confocal microscopy. One 
experiment out of three is shown. (H) Src interacts with the heterotrimer G-protein subunit Gβ2 in 
primary human MoDCs. Gβ2-Src interaction on immature MoDCs and CC-matured MoDCs was 
assessed by PLA. One experiment out of 3 with independent donors is shown. Scale bar: 10μm. 

Phosphorylated Y155 of CCR7 serves as docking site for the tyrosine phosphatase SHP2 

To further elucidate the new signaling pathway initiated by the CCR7 oligomer, we 

performed a screen to identify SH2-domains recognizing tyrosine phosphorylated CCR7. 

Since SH2-domains are known interaction modules recognizing linear motifs including pTyr 

residues, we used a panel of purified GST-SH2-domain fusion proteins for screening (Figure 

S6B,C). We demonstrate that the C-terminal SH2-domain of the tyrosine phosphatase SHP2 

most effectively interacted with phosphorylated CCR7 (Figure S6D). SHP2 harbors two SH2-

domains (Figure S6A). In its inactive conformation the N-terminal SH2-domain is fold over 

the catalytic cleft, preventing interaction with its substrates218. With its C-terminal SH2-

domain SHP2 surveys the cell for potential interaction partners. Upon binding of the C-

terminal SH2-domain, auto-inhibition is relieved and SHP2 becomes catalytically active. To 

become fully activated, SHP2 needs to be phosphorylated on two tyrosine residues in its C-

terminus resulting in interaction with phosphorylated residues and SH2-domains in cis. Using 

co-immunoprecipitation experiments we confirmed that SHP2 is specifically recruited to 

CCR7 upon chemokine stimulation (Figure 6A). Of note, SHP2 was not recruited to the CCR7 

Y155F mutant (Figure S7A). Since CCR7 phosphorylation is dependent on Src and CCR7 

oligomerization, we asked whether the interaction of CCR7 with SHP2 occurs in a G-protein 

parallel manner. To adress this, we exploited a rapamycin-inducible active Src to determine 

SHP2 recruitment to CCR7 using BiFC. This approach allowed us to circumvent chemokine 

stimulation and G-protein activation. Strikingly, we found that active Src is necessary and 

sufficient to recruit SHP2 to CCR7. Of note, no CCR7-SHP2 interaction was measurable in  
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Figure 5. Src tyrosine phosphorylates CCR7 upon chemokine stimulation to control migration. 
(A) HA-tagged CCR7 from CCL19 and CCL21 stimulated cells was immunprecipitated (IP) from cell 
lysates and its tyrosine phosphorylation (pY) determined by Western blotting. (B) Determining CCR7 
pTyr in cells treated with the Src inhibitor PP2 or the G-protein coupling inhibitor PTx as in (A). (C) 
Micrograph of CCR7 pTyr determined by PLA using anti-CCR7 Ab (SAB4500329) and anti-pTyr mAb 
(4G10) in (CC+/-PGE2) matured human MoDCs. (D) Micrograph of a 3D reconstruction showing 
CCL19-mediated CCR7 pTyr by PLA in HEK293 cells expressing HA-tagged wild-type of Y155F CCR7 
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pretreated or not with PP2 and NSC87877. (E) Specific Transwells cell migration towards CCL19 and 
CCL21 of cells expressing a phosphorylation-defective mutant (CCR7 Y155F) and a G-protein-
coupling-deficient mutant (CCR7 DNY). (F) Specific CCR7-dependent Transwell migration of primary 
human T cell migration treated with PP2 or PTx. (G) CCL19-mediated calcium mobilization in cells 
expressing CCR7 mutants. Data represent at least 3 experiments (A-D, G). Mean ± SEM of 6 (E) or 4 
(F) experiments; ANOVA with Tukey post test. See also Figure S5. 

Figure S5. Src phosphorylates oligomeric CCR7 on Y155 to control cell migration. (A) 
Tyrosine phosphorylation of CCR7 upon ligand binding. HEK293 cells stably expressing HA-tagged 
CCR7 were stimulated or not with 0.5μg/ml CCL19 or CCL21 and pTyr of CCR7 was determined by PLA 
using anti-CCR7 (SAB4500329) and anti-phosphoTyr (clone 4G10) specific antibodies. One 
representative experiment out of 4 is shown. (B) Src preferentially tyrosine phosphorylates 
oligomeric CCR7. HEK293 cells expressing either wild-type CCR7 or oligomer-defective or super-
oligomerizing CCR7 mutants were stimulated or not with 0.5μg/ml CCL19 or CCL21 for 5 or 10min. 
CCR7 pTyr was assessed by PLA, visualized by fluorescent microscopy and mean fluorescence 
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intensities +/- SEM of 3 independent experiments were quantified by ImageJ. (C) Cell migration 
towards CCL19 and CCL21 in 3D is hampered in cells expressing a phosphorylation-defective mutant 
(CCR7 Y155F) and abolished by a G-protein-coupling-deficient mutant (CCR7 DNY). Specific cell 
migration of 300-
3D Matrigel migration assays. Mean values ± SEM, n=3. (D,E) G-protein coupling is not affected in the 
CCR7 Y155F mutant. G-protein activation in HEK293 cells expressing CCR7 variants was assessed 
using a cAMP competition ELISA (D; mean values +/-SEM, n=3) or visualized by confocal microscopy 
using an antibody specifically recognizing active, GTP- i (E; one of 3 experiments). Scale bars: 
10μm. 

 

cells expressing either a kinase-dead mutant of Src or phosphorylation-deficient CCR7 Y155F 

(Figure 6B,S7B). Thus, we show not only that pTyr residue of the DRY motif serves as docking 

site for SH2-domain containing proteins, such as SHP2, but also that Src is necessary and 

sufficient to induce this interaction. 

Moreover, both CCL19 and CCL21 led to a rapid phosphorylation of SHP2 (Figure 6C), but 

not of SHP1 (Figure S7C) in primary human PBLs. Chemokine-mediated SHP2 

phosphorylation is dependent on Src as shown by PP2 treatment in PBLs (Figure S7D). 

Notably, chemokine-mediated SHP2 phosphorylation was independent on G-protein 

coupling and could not be blocked using a JAK inhibitor (Figure S7D). The latter is interesting 

as JAK2 was shown to pTyr of CCR2 in a G-protein parallel but dimerization-dependent 

manner69. 

As SHP2 activity is highly regulated not only through binding to interaction partners or 

substrates but also through relieve of auto-inhibition and interaction in cis, we aimed to 

examine the SHP2 activity after CCR7 stimulation. Therefore, we developed a phosphatase 

activity assay using a phospho-peptide as substrate (Figure S7E). In line with SHP2 

phosphorylation, SHP2 catalytic activity co-immunoprecipitated with CCR7 was similarly 

triggered by both, CCL19 and CCL21 (Figure S7E). Despite comparable SHP2 phosphorylation 

and catalytic activity at the receptor, CCL21 triggering resulted in several fold higher 

cytosolic activity of SHP2 in T cells than CCL19 (Figure 6D). Thus, we provide the first 

evidence for a CCL21-induced biased signaling pathway through an additional cytosolic pool 

of SHP2 catalytic activity. 
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SHP2 is critical for biased signaling and migration by CCL21 

Knowing that SHP2 is activated upon CCR7 stimulation and that SHP2 is not involved in 

CCR7 de-phosphorylation as SHP2 inhibition decreases CCR7 phosphorylation (Figure 5D), 

we examined the role of SHP2 in CCR7-driven cell migration. Therefore, primary human T 

cells were pre-treated with the SHP inhibitor NSC-87877 or the SHP2 inhibitor PHPS1, to 

block SHP2 catalytic activity but not its adaptor function. To our surprise, inhibition of SHP2 

did not significantly affect CCL19-mediated T cell migration. In contrast, T cell migration 

towards CCL21 was severely impaired in cells treated with NSC-87877 (Figure 6E) or PHPS1 

(Figure 6F). That SHP2 is critical for biased CCL21-driven migration was confirmed in human 

B cells and MoDCs (Figure 6G,H). 

In summary, we established that CCR7 oligomerization generates a novel platform to 

integrate G-protein- and Src-dependent signaling resulting in tyrosine phosphorylation of 

CCR7. Moreover, we demonstrate that this CCR7 phosphorylation serves as docking site for 

SH2-domain containing signaling proteins. Finally, we show CCL21-biased signaling for 

efficient cell migration involving a cytosolic pool of catalytically active SHP2. 
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Figure 6. SHP2 is recruited to tyrosine phosphorylated CCR7 and contributed to biased 
CCL21-driven cell migration. (A) Co-immunoprecipitation (IP) of SHP2 with HA-tagged CCR7 upon 
chemokine stimulation. (B) SHP2 recruitment to CCR7 by a rapamycin-inducible active or kinase-dead 
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Src in the absence of chemokines determined by BiFC in cells expressing SHP2-YFP1 and YFP2-tagged 
CCR7 or CCR7 Y155F. (C) Chemokine-triggered SHP2 phosphorylation in primary human PBLs assesses 
by Western blotting. (D) Analysis of the SHP2 phosphoatase activity in SHP2 immunoprecipitates of 
primary human PBLs triggered by chemokines as described in the supplement. (E-H) Specific 
Transwell migration of primary human T cells (E,F), primary human CD19+ blood B cells (G) or mature 
human MoDCs pre-treated with NSC87877 (E,G,H) or the SHP2-specific inhibitor PHPS-1 (F). Data 
represent 4 independent experiments. Error bars represent SD; ANOVA with Tukey post test. See also 
Figure S7. 
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Figure S6. Screen to identify SH2-domain containing signaling molecules interacting 
with tyrosine phosphorylated CCR7. (A) Surface representation of autoinhibited SHP2 based on 
its crystal structure (PDB 2SHP) with the two SH2 domains highlighted in green and orange, the 
phosphatase domain in white. (B) Interphase of the phosphopeptide (green) with SHP2 N-SH2 (PDB 
3TL0) showing the typical position of the pY binding and specificity pocket (yellow) of the SH2 
domain. (C) Schematic representation of the ELISA-based SH2-domain interaction screen. SH2-
domains of distinct signaling molecules fused to GST were coated on microtiter plates. Cell lysates 
containing v-Src-driven tyrosine phosphorylated CCR7 or nontransfected control lysates were used to 
screen for interactions with the coated SH2-domains as specified in the method section of the 
supplement. (D) Schematic representation of the SH2-domain (highlighted in red) bearing signaling 
molecules used for the screen and their interaction with pTyr CCR7. Background signals obtained 
from cell lysates incubated on GST-coated plates were subtracted and the ratio of nontransfected to 
v-Src transfected HEK293 cells stably transfected with CCR7 was calculated and indicated as fold 
induction. Mean values +/- SEM of triplicates of 2 experiments are shown. 
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Figure S7. SHP2 is recruited to tyrosine phosphorylated CCR7 and contributed to biased 
CCL21-signaling. (A) Recruitment of SHP2 to CCR7 is impaired in the CCR7 Y155F mutant. HEK293 
cells expressing HA-tagged wild-type CCR7 or HA-tagged CCR7 Y155F were stimulated or not with 
0.5μg/ml CCL19 or CCL21. Cells were lyzed, cross-linked using DSP and CCR7 immunoprecipitated 
using anti-HA antibodies. Co-immunoprecipitated (IP) endogenous SHP2 was detected by Western 
blotting. A representative experiment out of 3 is shown. (B) Rapamycin-inducible active Src is 
sufficient to recruit SHP2 to CCR7 in the absence of chemokines. Src kinase-dependent recruitment 
of SHP2 to CCR7 was determined by BiFC in HEK293 cells expressing CCR7-YFP2 and SHP2-YFP1 in the 
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presence of either rapamycin-inducible active Src or its kinase-dead (Src-KD) variant. A 
representative experiment out of 3 is shown. (C) CCR7 triggering does not induce phosphorylation of 
SHP1. Human primary PBLs were serum starved for 2h before they were stimulated with 0.5μg/ml 
CCL19 or CCL21 for indicated time points. Subsequently, SHP1 and SHP2 phosphorylation was 
determined by Western blotting. Depicted is one out of four experiments with individual donors. (D) 
Chemokine-triggered SHP2 phosphorylation in primary human PBLs is blocked by PP2, but not PTX or 
AG490. Primary human PBL were pretreated or not for 2h with either the Src kinase inhibitor PP2 
(10μM), with PTx (10μg/ml) to prevent G-protein coupling, or with the JAK inhibitor AG490 (10μg/ml) 
and stimulated for indicated time points with either 2μg/ml CCL19 or CCL21. Cells were lyzed and 
SHP2 phosphorylation determined by Western blotting. One out of 3 experiments is shown. (E) 
CCL19 and CCL21 trigger similar CCR7-associated SHP2 phosphatase activity. HEK293 cells expressing 
HA-tagged CCR7 were stimulated or not with 2μg/ml CCL19 or CCL21. Cells were lyzed and CCR7 
immunoprecipitated using an anti-HA antibody. SHP2 phosphatase activity at the co-
immunoprecipitated CCR7 was determined by measuring the phosphate release from the 
phosphopeptides. (F) HEK293 cells expressing HA-tagged CCR7 were stimulated or not with 2μg/ml 
CCL19 or CCL21. Cells were lyzed, SHP2 was immunoprecipitated using an anti-SHP2 antibody and 
the SHP2 phosphatase activity was determined by measuring the phosphate release from the 
phosphopeptides. Where indicated Src kinase or SHP2 were inhibited using 10µM PP2 or 40μM 
NSC87877. Mean values +/- SEM of at least 3 experiments are shown. 

 

Discussion 

Here we describe a previously unknown mechanism how environmental cues control 

immune cell migration by modulating the oligomerization state of the chemokine receptor 

CCR7 enabling integration of distinct signaling pathways at the receptor oligomer interface. 

We identified that inflammatory signals and PGE2 provoke oligomerization of CCR7 on 

human MoDCs. The same signals led to a profound down-regulation of genes involved in 

cholesterol biosynthesis and metabolism. As lowering cellular cholesterol levels using drugs 

interfered with CCR7 oligomerization and cell migration, we propose that this represents a 

molecular mechanism why only PGE2-exposed DCs efficiently emigrate from inflammatory 

sites to home to draining lymph nodes 95, 96. We show that CCR7 oligomerization establishes 

a novel platform to elicit distinct signaling pathways controlling cell migration. Based on our 

oligomeric CCR7 model and experimental evidence, we propose that within a tetrameric 

organization, two receptors couple to Gi-proteins to elicit the well-established “classical” 

chemokine receptor signaling pathway. In addition, this arrangement permits Src kinase to 

interact with the uncoupled two CCR7 molecules of the tetrameric complex. Indeed, we 

found that Src interaction with CCR7 depends on the oligomerization state of the receptor 

and initiates a G-protein parallel signaling pathway contributing to efficient cell migration. 

The signaling hub function of oligomeric receptors is appealing as previous studies derived 

from other GPCRs proposed allosteric modulation of signaling by receptor dimerization47, 209. 
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The concept of eliciting two orthogonal, through evolution mechanistically separated 

signaling pathways is particularly appealing at sites of infection as many bacteria produce 

toxins to target either regulatory GTPases or heterotrimeric G-proteins of the host to 

circumvent the host defense219. One of these toxins, PTx, ADP-ribosylates Gi-proteins to 

prevent chemokine-mediated receptor activation and leukocyte recruitment. Hence, CCR7 

oligomerization and thereby establishing a signaling hub that allows simultaneous G-protein-

dependent and Src-dependent signaling pathways allows DCs to integrate distinct signaling 

pathways to ensure fast and efficient homing to draining lymph nodes. Interestingly, also 

effector T cells express CCR7 oligomers and their migration is less sensitive to PTx permitting 

adaptation of signaling to environmental cues. This notion is in line with a previous study 

describing that antigen-experienced effector T cells evolved to bypass Gi signaling on 

inflamed vessels in order to access the injured tissue99. 

Despite their fundamental role in health and disease, pharmaceutical targeting of 

chemokine receptors has been tremendously difficult and of disappointing success. The low 

success has also been attributed to the redundancy of chemokines acting on the same 

receptor. The discovery of biased signaling might be a solution for new attempts in 

developing new drugs. CCR7 represents a prototype receptor for biased signaling76. While 

equal receptor binding affinities and equal G-protein activation77 suggests high redundancy 

in CCR7 signaling, some signaling characteristics appear to be unique to either CCL19 or 

CCL21. Most prominently, only CCL19 but not CCL21 promotes CCR7 internalization12. This 

CCL19-bias is reported to rely on robust phosphorylation on Ser/Thr residues in the C-

terminus of CCR7 by GRK3 and GRK6 resulting in stronger β-arrestin recruitment and ERK 

activation76, 77 and subsequent CCR7 internalization via clathrin-coated pits12. This CCL19-

mediated CCR7 sequestration from the plasma membrane and its trafficking into clathrin-

coated vesicles may limit its accessibility for down-stream signaling molecules. Therefore, it 

came of no surprise that CCL19-triggered CCR7 phosphorylation is terminated on a short 

term scale, while CCL21-mediated phosphorylation seemed to be more prolonged. Up to 

now, only bias signaling molecule have been described for CCL19 but not for CCL21. Herein, 

we show that both; CCL19 and CCL21, lead to the recruitment and the release of the auto-

inhibition of the tyrosine phosphatase SHP2, whereas only CCL21 triggering establishes a 

prominent pool of cytosolic active SHP2. Surprisingly, the phosphorylation status of SHP2 
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which derive from the release of auto-inhibited SHP2 in the cytoplasm, were equally found 

in cells stimulated with either CCL19 or CCL21. As CCL19-triggered CCR7 is internalized and 

trafficked via early endosomes to the trans-Golgi-network220, whereas  CCL21-triggered CCR7 

remains at the plasma membrane, we propose that SHP2 catalytic activity is spatially 

controlled through the interaction of a second adaptor molecule in a spatio-temporal 

manner. Because CCL21-mediated CCR7 stimulation results in a prominent pool of catalytic 

active SHP2, it is not surprising to note that inhibition of SHP2 specifically hampered CCL21, 

but not CCL19-driven DC and lymphocyte migration. 

Yet another twist came from recent study showing that PKA phosphorylates SHP2 on two 

Ser/Thr residues in the N- and C- terminal SH2 domain of SHP2, thereby preventing the 

association with substrates and modulating its catalytic activity221. Therefore, it is tempting 

to speculate that the key regulator of CCR7-mediated cell migration, the Gαi subunit, also 

controls SHP2 catalytic activity, via down-modulation of cAMP and PKA activity. 

Overall, our finding that the oligomerization state of CCR7 shapes cell migration together 

with the possibility to modulate CCR7 oligomerization by changing cholesterol levels, by 

using oligomer-intercalating peptides or by specifically inhibit CCL21, but not CCL19-

mediated migration, sets the groundwork for biomedical implications. New ways of reducing 

CCR7-driven migration is desired in the case of chronic inflammatory diseases or to prevent 

metastasis formation, whereas enhancing CCR7-driven migration is highly appreciated in 

attempts to boost the immune system in a vaccine response. 

Experimental Procedures 

Materials 

Recombinant human CCL19 and CCL21 were purchased from PeproTech. Antibodies from the 
following source were used: monoclonal anti-HA-HRP (clone HA7) (Sigma-Aldrich); anti-Src (clone 
36D10), anti-phospho-Y416 Src (clone D49G4), anti-SHP2 (#3752), anti-phospho-SHP2 Y542 (#3751), 
anti-phospho-SHP2 Y580 (#3703), anti-SHP1 (#3759), anti-phospho SHP1 Y564 (clone D11G5) and 
anti-myc-tag (clone 9B11) (Cell Signaling Technology); anti-GST (clone B4) (Santa Cruz Biotechnology); 
anti-LYVE-1 (ab36993), anti-β-actin (clone AC15), anti-CD3 (ab5690), anti-CD11c (clone N418) and 
anti-GFP (clone E385) (also specifically recognizing YFP1, but not YFP2) (Abcam); anti-GFP (clones 7.1 
and 13.1) (specific for YFP2) (Roche LifeSciences); anti-active Gαi GTP (NewEast Biosciences) and anti-
CCR7-APC (clone FAB197), mouse IgG2A isotype control (R&D systems). For PLA the following 
antibodies were used: anti-CCR7 (clone CCR7.6B3) (LifeSpan Biosciences), anti-CCR7 (clone mab197) 
(R&D systems), anti-CCR7 (SAB4500329) (Sigma-Aldrich), anti-Gb2 (bs0348R) (BIOS) and anti-Src 
(clone 17AT28) (Thermo-Scientific). The monoclonal antibody against phosphotyrosines (clone 4G10) 
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was kindly provided as hybridoma cells by M. Groettrup, University of Konstanz. Hybridoma cells 
were cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum and the 4G10 
antibody was purified using HiTrap ProteinG HP (GE Healthcare). Alexa647 coupled phalloidin was 
purchased from Life Technologies. Pravastatin, methyl-β-
and cholesterol were from Sigma-Aldrich. All other drugs, including Mevastatin, PP2, PTx, NSC87877, 
PHPS1 and AG490 were from Merck-Millipore. Peptides with the amino acid sequence FWAYSAAKG, 
IPELLLYS, VRNFKAWFLPIM, IAEALAYA, FAAASAAAG, VANAAAWALAIA, VDAADAWFLPL, LLIPALDLYSKL, 
PFWAYAAADAAWVF and SASASpYDWEF (for the phosphatase assay) were purchased from JPT 
Peptide Technologies (Berlin).  

Construction of expression plasmids 

Cloning of pcDNA3-CCR7-HA, pcDNA3-CCR7-EGFP12, and pcDNA3-CCR7-DNY215 have been 
described previously. Construction of pcDNA3 CCR7-EYFP and pcDNA3.1-CCR7-ECFP was done 
analogously using the same primer pairs. Generation of pcDNA3.1-TMEM16a was performed by PCR 
of full length TMEM16a (5`-CTA CGG TAC CAT GAG GTC AAC GAG AAG TA and 5`-CTA ACT CGA GGG 
CAG GCT TTG GTG TTG T) and subcloned into pcDNA3.1-ECFP. The constructs pcDNA3 CCR7 
YFP1/YFP2 were subcloned by PCR using full length CCR7 (aa 1-334) (5`-CTG CGA ATT CAT GGA CCT 
GGG GAA ACC AAT G and 5`-CTA TAT CGA TTG GGG AGA AGG TGG TGG TG) into BiFC vector 214. The 
construction of pcDNA3-Gat1-YFP2, pcDNA3-Gαi2-YFP2, pcDNA3-YFP2-Gβ2, pcDNA3-YFP2-Gγ2 and 
pcDNA3-Src-YFP1/YFP2 were performed analogously using following primer pairs: Gat1 (5`-GCA TAA 
GCT TCA TGG CGA CTG ACA ACA G and 5`-GAA GAT CGA TGA TGT AGG CCT CCT TGC T), Gαi2 (5`-CTT 
AGA ATT CAT GGG CTG CAC CGT GAG C and 5`-CTA TAT CGA TGA AGA GGC CGC AGT CCT TCA G), Gβ2 
(5`-CTA GCT CGA GTG AGT GAG CTT GAC CAG TTA and 5`-CTA GTC TAG AGC CGC CAG TGT GAT AGA 
T) Gγ2 (5`-GAT TCT CGA GGA TCC ATG GCC AGC AAC A and 5`-CTA GTC TAG AGC CGC CAG TGT GAT 
AGA T) and c-Src (5`-CTA CAA GCT TTG GCA TGG GTA GCA ACA AGA GC and 5`-CTA TAT CGA TGT AGA 
GGT TCT CCC CGG GCT G). Deletion mutants of Src, Src MutI (aa 84 - 536), Src MutII (aa154 - 536), Src 
MutIII (aa 273 - 536) and Src MutIV (aa 1 - 284) were generated by PCR using full length c-Src (aa 1 - 
536) as template. PCR primers are as follows: Src MutI (5`-CTA CAA GCT TAT GGG TGG AGT GAC CAC 
CTT G and 5`-CTA TAT CGA TGA GGT TCT CCC CGG GCT GGT A), Src MutII (5`-GCA CGA ATT CTT TGG 
CAA GAT CAC CAG ACG), Src MutIII (5`-CTA TAA GCT TGG AGT CGC TGC GGA TGC T) and Src MutIV 
(5`-CTC GAA GCT TGG CAT GGG TAG CAA CAA GA and 5`-GAA CAT CGA TCA TCC ACA CCT CGC CAA A). 
Cloning of pcDNA3 SHP2 –YFP1 was performed by PCR from full length human SHP2 with pCMV-SHP2 
wt (Addgene #8381) and following primer pairs (5` CTA CGA ATT CAT GAC ATC GCG GAG ATG G 3` 
and 5` GAC GAT CGA TAC TTT TCT GCT GTT GCA TCA G 3`) and subcloned into BiFC vector214. Site 
directed mutagenesis was performed using the QuickChange II site directed mutagenesis kit (Agilent) 
following manufacturer`s instructions using the primers (Microsynth) listed in a supplementary Table.  

Directed evolution screening for CCR7 oligomer-deficient mutants 

Human CCR7 was subcloned into pcDNA3 containing linker-YFP2 fragments. Random mutations 
in CCR7 were inserted using GeneMorph II EZClone Domain Mutagenesis Kit (Stratagene) according 
to manufacturer's instructions. Briefly, the primer pairs (5`-GGT CTT CGG TGT CCA CTT T; 5`-CAG GAC 
AGC TTG CTG ATG A for ICL2 and 5`-CCT ACG ACG TCA CCT ACA G; 5`-AGC CCA GGT CCT TGA AGA G 
for HL8) were custom synthesized (Microsynth) to generate mutant mega primers by error-prone 
PCR using Mutazyme DNA polymerase. These mutant mega primers were used to generate a plasmid 
library of randomly mutated CCR7. Subsequently, non-mutated donor plasmids were digested using 
the restriction enzyme DpnI and the remaining plasmid pool was transformed into MegaX DH10B 
electrocompetent E.coli. The randomly mutated CCR7 library was evaluated by sequencing 96 of its 
clones. CCR7 library was transfected into HEK293 cells stably transfected with CCR7-YFP1. CCR7 
oligomer-deficient mutants identified by its lack of YFP complementation were sorted and the 
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corresponding plasmids were isolated. Isolated plasmids were amplified and subjected to another 
round of random mutagenesis. After 4 rounds of sorting, enriched library was transfected into 
HEK293 cells, and cells expressing CCR7 at their surface were sorted. Plasmids were again recovered 
and sequenced. 

Isolation of primary human cells 

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). Monocytes were separated from PBLs 
using anti-CD14-conjugated microbeads (Miltenyi). Monocytes (2x106 cells/ml) were then 
differentiated to immature MoDCs in serum-free AIM-V (Gibco), supplemented with 50ng/ml IL-4 
and 50ng/ml GM-CSF (PeproTech). At day 6 immature MoDCs were harvested and matured for 2 
days in IL-4/GM-CSF-containing medium by adding the cytokine cocktail comprising 20ng/ml TNFα, 
20ng/ml IL-6 and 10ng/ml IL-1β (PeproTech) in the presence or absence of 1µg/ml PGE2 (Miniprostin 
E2, Pharmacia). Untouched naïve CD4+ T cells were isolated from PBLs by negative selection using the 
naïve CD4+ T cell isolation kit II (Miltenyi). PBLs and CD3+ sorted (Miltenyi) T cells were cultured in 
RPMI-1640 medium supplemented with 2% human AB serum (Lonza). Where indicated, 
CD3+/CD45RO+ T cells were isolated from PBLs. Effector T cells were obtained by culturing CD3+ 
sorted cells for 9 days on anti-CD3/anti-CD28 coated dishes as described165. 

Cell lines and transfection 

Human epithelial kidney 293 (HEK293) cells and stable HEK293 CCR7-HA transfectants12 were 
grown and maintained in Dulbecco’s modified Eagle’s medium containing 10% FCS (Lonza). HEK293 
cells were transiently transfected by TransIT-LT1 (MirusBio), according to the manufacturer`s 
protocol.  

300-19 pre B cells were stably transfected with CCR7 constructs as described12, 215 and cultured in 
RPMI-1640 medium supplemented with 10% FCS, 1% non-essential amino-acids and 0.5% β-
mercaptoethanol (Lonza). 

Förster Resonance Energy Transfer (FRET) measurements 

Intermolecular FRET efficiency was measured on a Leica TCS SP5 II confocal microscope by either 
donor-recovery after acceptor photo-bleaching (AB) or sensitized emission (SE) using the 
corresponding FRET-wizard of the Leica LSM software. Briefly, HEK293 cells stably expressing CCR7-
EYFP were transiently transfected with either TMEM16a-ECFP or CCR7-ECFP. For FRET-AB cells were 
fixed with 4% formaldehyde, blocked in 3% BSA, washed and mounted in polyvinyl alcohol mounting 
medium with DABCO (Sigma-Aldrich). A pre-bleaching image was taken, acceptor of the whole cell 
was bleached at 100% laser intensity and FRET efficiency was calculated for each pixel with FRETeff = 
(Dpost bleach – Dpre bleach)/Dpost bleach using the macro of the FRET-AB wizard. For FRET-SE, medium was 
changed to DMEM high Glucose with 25mM Hepes (Gibco) and single transfectant cells were used to 
calculate correction values. Images were converted to TIFF files and analysed using ImageJ. Contrast 
and brightness of images were simultaneously adjusted with Adobe Photoshop CS6. 

Bimolecular Fluorescence Complementation (BiFC) assay 

Visualization of CCR7 oligomerization and of CCR7 interaction with signaling molecules by BiFC 
was performed essentially as described214, 222. In brief, HEK293 were co-transfected in a 1:1 ratio with 
splitYFP1 (y1) and splitYFP2 (y2)-tagged constructs. Transfected cells were left untreated or 
stimulated with 0.5 μg/ml CCL19 or CCL21, washed and fixed in 4% formaldehyde. For flow 
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cytometry analysis, cells were subsequently detached and analysed on a LSR II flow cytometer (BD 
Biosciences). For immunofluorescence microscopy, cells were permeabilized using 0.2% Triton X-100 
in PBG buffer (20mM glycine and 3% BSA in PBS pH7.4) and incubated with the appropriate antibody 
in 20% donkey serum/PBS, followed by incubation with Alexa Fluor labelled secondary antibodies 
(Life Technologies). Coverslips were mounted using polyvinyl alcohol mounting medium with DABCO 
(Sigma-Aldrich). Confocal images were acquired on a Leica TCS SP5 II laser scanning confocal 
microscope or on an inverted Zeiss Axiovert 200 microscope. 

Rapamycin-induced Src activation 

Rapamycin inducible Src kinase activation in life cells has been described recently223. In Brief, 
HEK293 cells were transfected in a 1:2:2 ratio with RapR-Src/SrcKD, CCR7/Y155Fy2 and SHP2y1. Cells 
were starved in media containing 0.5% FCS for 2h followed by stimulation with 100ng/ml rapamycin 
for indicated time points. Subsequently, cells were fixed in 4% formaldehyde. For flow cytometry 
analysis, cells were detached and analysed on a LSR II flow cytometer (BD Biosciences). For 
immunofluorescence microscopy, cells were permeabilized using 0.2% Triton X-100 in PBG buffer 
(20mM glycine and 3% BSA in PBS pH7.4) and incubated with the appropriate antibody in 20% 
donkey serum/PBS, followed by incubation with Alexa Fluor labelled secondary antibodies (Life 
Technologies). Coverslips were mounted using polyvinyl alcohol mounting medium with DABCO 
(Sigma-Aldrich). Confocal images were acquired on a Leica TCS SP5 II laser scanning confocal 

microscope. 

Cys-mediated cross-linking 

HEK293 cells stably transfected with indicated CCR7 construct were washed and reacted for 
10min at RT with 400μM copper sulphate and 4 fold molar access1,10-phenanthroline (CuP) as 
described224. Cells were washed twice with 10mM N-ethylmaleimide (NEM) in PBS and subsequently 
lysed in lysis buffer (10mM NEM, 10mM Tris-HCl, 150mM NaCl, 2mM MgCl2, 10% glycerol, 0,4% N-
dodecyl maltoside, supplemented with proteinase- and phosphatase-inhibitor mix (Roche), adjusted 
to pH7.5). Lysates were centrifuged for 15min at 20.000xg and 20μg of total proteins were mixed 
with 5x sample buffer without reducing agents. Proteins were separated by SDS-PAGE 
electrophoresis. Monomeric and cross-linked oligomeric CCR7 was detected by Western blotting 
using monoclonal anti-HA peroxidase antibody (Sigma-Aldrich). 

Preparation of cell lysates 

1x106 PBLs or HEK293 cells expressing CCR7 mutants were starved for 2h with medium 
containing 0.5% serum before they were stimulated with 1µg/ml CCL19 or CCL21 for indicated time 
points and subsequently lysed with NP-40 buffer (50mM Tris, 1% NP-40, 0.25% 
sodiumdesoxycholate, 150mM NaCl, 1mM Na3VO4, 1mM NaF, 0.4% N-dodecyl maltoside, pH 7.4) 
supplemented with a proteinase and phosphatase inhibitor mixture (Roche). Cell lysates were 
transferred to SDS-PAGE gels and Western blot analysis was performed using indicated antibodies.  

Co-immunoprecipitation 

HEK293 stably expressing CCR7-HA or mutants thereof were starved for 2h in media containing 
0.5% FCS, stimulated at 37°C with 0.5µg/ml CCL19 or CCL21 for indicated time points and 
subsequently incubated for 3h at 4°C with 2.5mM DSP (dithio-bis-succinimidyl propionate; Pierce). 
Cells were lysed in lysis buffer (10mM Tris-HCl, 150mM NaCl, 2mM MgCl2, 10% glycerol, 0.4% N-
dodecyl maltoside, 1mM Na3VO4, 1mM NaF, supplemented with proteinase- and phosphatase-
inhibitor mix (Roche), pH7.5) and HA-tagged CCR7 was immuno-precipitated using anti-HA-agarose 
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(Sigma-Aldrich). Immuno-precipitated proteins were analysed by Western blotting using specific 
antibodies. 

Determining CCR7 tyrosine phosphorylation 

Stable HEK293 CCR7-HA transfectants were starved in media containing 0.5% FCS for 2h. Starved 
cells were incubated with 2 µg/ml CCL19 or CCL21 at 37°C for indicated time points, treated with 
pervanadate and immediately lysed with ice-cold buffer (10mM Tris-HCl, 150mM NaCl, 2mM MgCl2, 
10% glycerol, 0,4% N-dodecyl maltoside, 1mM Na3VO4, 1mM NaF supplemented with proteinase- 
and phosphatase-inhibitor mix from Roche, pH7.5). Tyrosine-phosphorylated proteins were immune-
precipitated from cell lysates using the phospho-tyrosine specific antibody 4G10 and protein A-
agarose. Immuno-precipitated proteins were washed carefully and eluted form Protein A-agarose 
with 100mM Glycin-HCl (pH2.5), immediately neutralized (using Tris buffer; pH8) and loaded on SDS-
PAGE gels. Segregated proteins were transferred to a nitrocellulose membrane by wet blotting and 
membranes were incubated with HRP-coupled anti-HA antibody. HA-tagged proteins were detected 
using enhanced chemiluminescence (Pierce). To investigate the effect of SFK inhibition or G-Protein 
inhibition on CCR7 tyrosine phosphorylation, 10µM PP2 or 100ng/ml PTx was additionally added 2 
hours prior CCR7 stimulation. 

Phosphatase activation assay 

SHP2 activation assay was adopted from the Serine/Threonine Phosphatase Assay System 
(Promega). Briefly, PBLs were incubated for 2h with indicated inhibitors or left untreated in 
RPMI1640 medium supplemented with 2% human AB serum (Lonza). HEK293 cells stably transfected 
with CCR7 or PBLs were stimulated for indicated time points with either 2 µg/ml CCL19 or CCL21. 
Afterwards cells were lysed in lysis buffer (10mM Tris-HCl, 150mM NaCl, 2mM MgCl2, 10% glycerol, 
0.4% N-dodecyl maltoside, supplemented with proteinase-inhibitor mix (Roche), pH7.5) and either 
HA-tagged CCR7 was immuno-precipitated using anti-HA-agarose (Sigma-Aldrich) or endogenous 
SHP2 was immuno-precipitated using anti-SHP2 antibody (Cell Signaling Technology) and Protein A-
agarose (Sigma-Aldrich). Immuno-precipitates were thoroughly washed in lysis buffer and incubated 
with 5 μl of 1mM SHP2 peptide SASASpYDWEF 225 obtained from JPT Peptide Technologies (Berlin) 
and mixed with 10 µl of 5x PPase reaction buffer. The reaction occurred for 1h at 37°C. Afterwards, 
the reaction was stopped by addition of 50 μl molybdate dye/additive mixture. Reactions were 
incubated for 15 min at RT and optical density was determined in a plate reader at 620nm (Sunrise 
microplate reader, Tecan). 

ELISA-based SH2-domain interaction screen 

Microtiter maxi capture ELISA plates (TPP) were coated over night at 4°C with 50mM NaHCO3 
pH9.0 containing 1μg SH2-domain fusion proteins or GST, respectively. Plates were washed with PBS-
T (containing 0.02% Tween) and blocked with 3% BSA in PBS-T (0.02% Tween) over night at 4°C. 
Stable HEK293 CCR7-HA cells were transiently transfected with v-Src. 10 h after transfection, cells 
were lysed in lysis buffer (10mM Tris-HCl, 150mM NaCl, 2mM MgCl2, 10% glycerol, 0,4% N-dodecyl 
maltoside, supplemented with proteinase- and phosphatase-inhibitor mix from Roche, pH7.5) and 
protein concentration of cell lysates was assessed by a BCA protein assay kit (Pierce). Cell lysates 
from untransfected and transfected cell, containing equal amount of total protein, were transferred 
on SH2-domain coated ELISA plates. After 4 h of incubation at 4°C, ELISA plates were thoroughly 
washed with PBS and incubated with anti-HA antibody (Sigma-Aldrich) followed by secondary HRP-
coupled antibody (Jackson Immuno Research). Plates were developed by addition of TMB (Pierce) at 
RT. The reaction was stopped by addition of 0.16M sulphuric acid. Absorbance was determined in a 
plate reader at 450nm with 570nm background subtraction (Sunrise microplate reader, Tecan). 
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Background signals obtained from cell lysates incubated on GST alone were subtracted and ratio of 
untransfected to v-Src transfected HEK293 cells stably transfected with CCR7 was calculated. 

Ca2+ mobilization experiments 

The analysis of chemokine mediated changes in intracellular free Ca2+ concentration has been 
previously described215. Cell transfectants were resuspended in Ca-Flux-buffer (106/ml in 145 mM 
NaCl, 5 mM KCl, 1 mM Na2HPO4, 1 mM MgCl2, 5 mM glucose, 1 mM CaCl2 and 10 mM HEPES, pH 7.5) 
and loaded with 1.5 µl/ml Fluo-3/AM (4 mM in DMSO) for 30 min at 37°C. Samples were divided into 
500 µl aliquots and changes in intracellular calcium concentrations in response to 0.5 µg/ml of 
chemokines or 0.02 µg/ml of ionomycin were acquired on a LSRII flow cytometer (BD Biosciences). 
Changes in the fluorescence of Fluo-3 were recorded for a period of 200 seconds. 

Migration assays 

Cell migration on a 2-dimensional substrate was assessed by the 24-well TranswellTM Systems and 
polycarbonate filters with a pore size of 5µm (Corning Costar). Briefly, 1x105 cells were allowed to 
migrate for 3h to the lower compartment, containing 0.5µg/ml of either CCL19 or CCL21. Where 
indicated, cells were pre-treated for 2h with graded concentrations of inhibitors or 50μM peptides. 
Migrated cells were harvested and cell numbers were determined by flow cytometry. Cells which 
migrated spontaneously to the lower compartment in the absence of chemokines were subtracted. 
For 3D migration, 3x105cells in 200μl medium were supplemented with 160μl bovine Purecol 
collagenI (3mg/ml) (Advanced Biomatrix), 22μl 10xMEM (Sigma Aldrich) and 12μl (7.5%) NaHCO3 
(Sigma Aldrich) and seeded on top of 5µm (Corning Costar) 24-well TranswellTM System. Matrix was 
polymerized for 45min at 37°C and cells were allowed to migrate for 3h through the Matrix into the 
lower compartment. 

cAMP competition ELISA 

G-protein activation of oligomer-deficient or super-oligomerized CCR7 mutants was assessed 
using the cAMP direct Immunoassay kit (Biovision). Briefly, 2x106 cells were pre-treated with 50μM 
forskolin for 60min. Medium was exchanged and cells were stimulated with 0.5μg/ml CCL19. Cells 
were harvested in 0.1M HCl, centrifuged and sonicated. Protein concentration was determined using 
Pierce 660nm protein assay (Pierce) and ELISA was performed following manufacturer`s instructions. 

Homology modeling of oligomeric CCR7 and molecular docking 

Sequences of human CCR7 and turkey β1-AR were aligned. Structure of oligomeric turkey β1-AR 
(PDB 4GPO) was used as template to create an oligomeric CCR7 model using mutagenesis model of 
PyMol. The oligomeric model was manually refined by iteratively removing bad residue pairing using 
Chimera226. Docking of GαS into the oligomeric CCR7 was modeled by aligning the complex of β2-AR 
and GαS (PDB 3SN6) with molecule B as the oligomeric CCR7 model and TM1/TM2/HL8 as dimer 
interface. Analogously, CCR5 (PDB 4MBS) and CXCR4/µ-opioid-receptor (PDB 4DKL)-based CCR7 
oligomer models were created. For size-relation analysis of oligomeric CCR7 docking with GαS and Src 
the PDB 2SRC was used. 

Human skin biopsies 

Following written informed consent, normal human skin was obtained from patients undergoing 
a surgical procedure. Use of healthy human skin was approved by the local institutional review board 
and ethical office. CCR7 oligomerization at lymph vessels (stained for LYVE-1) was visualized on snap 
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frozen sections (thickness: 8μm) by PLA and confocal microscopy. 0.13µm z-stacks were used for 3D 
reconstruction. Nuclei were stained with DAPI and analysed by fluorescence microscopy and DIC. 

Proximity ligation assay 

CCR7-CCR7 interaction was examined using reagents from the Duolink® proximity ligation assay 
(Sigma-Aldrich) following the manufacturer's instructions. Briefly, for cholesterol depletion cells were 
pre-incubated for 48h with 10μM Mevastatin, 10μM Pravastatin or for 2h with 0.6M methyl-β-
cyclodextrin or for 2h with 25U/ml cholesterol oxidase. For visualization of tyrosine phosphorylated 
CCR7, cells attached to cover slides were stimulated with 0.5 µg/ml CCL19/CCL21 and washed twice 
with ice cold KHM buffer (125mM potassium acetate, 25mM Hepes, 2.5mM magnesium acetate, 
1mM Na3VO4, 1mM NaF supplemented with phosphatase-inhibitor mix (Roche), pH7.4). Cells or snap 
frozen skin sections were fixed in 4% formaldehyde on microscopy glass slides, blocked in 3% BSA, 
permeabilized washed and incubated in primary antibody diluted 1:50 in donkey serum for 2h. Slides 
were washed and secondary antibodies harboring short nucleotide sequences diluted 1:5 in antibody 
diluent were added for 1h at 37°C. Oligonucleotides were ligated at 37°C and rolling circle PCR with 
fluorescent nucleotides was performed for 2h. Slides were washed, nuclei stained with Hoechst and 
mounted. PLA was visualized using a Leica TCS SP5 II laser scanning confocal microscope using a 
63x/1.4 NA oil-immersion objective (Leica) or on an inverted Zeiss Axiovert 200 microscope. 
Quantification was performed using confocal images by measurement of fluorescence intensity in 
ImageJ. 

Statistical evaluation 

Significant differences between groups were assessed using ANOVA with either Tukey or Dunnett 
post-test using GraphPad Prism 6. *p<0.05, ** p<0.01, ***p<0.001. 

Table: primer sequences used for site directed mutagenesis  

Vector Mutation Primer sequence (5’ -> 3’) 

pcDNA3 CCR7 Ha TM1 Cys57 TGCGGAACTTTAAAGCCTGCTGGTTCCTCCCTATCAT 

ATGATAGGGAGGAACCAGCAGGCTTTAAAGTTCCGCA 

pcDNA3 CCR7 Ha TM1 Cys87 TCGTGTTGACCTATATCTATTTCTGCAAGAGGCTCAAGACC 

GGTCTTGAGCCTCTTGCAGAAATAGATATAGGTCAACACGA 

pcDNA3 CCR7 Ha TM2 Cys92 CAAGAGGCTCAAGACCTGCATGACCGATACCTACC 

GGTAGGTATCGGTCATGCAGGTCTTGAGCCTCTTG 

pcDNA3 CCR7 Ha TM2 Cys119 CTACAGCGCGGCCTGCAAGTCCTGGGTCT 

AGACCCAGGACTTGCAGGCCGCGCTGTAG 

pcDNA3 CCR7 Ha TM3 Cys144 ATGGAAAGAAGTAGGAGGCACATGCCACTGAAGAAGC 

GCTTCTTCAGTGGCATGTGCCTCCTACTTCTTTGCAT 

pcDNA3 CCR7 Ha TM3 Cys151 TCCTACTTCTTTGCATCTGCAGCATTGACCGCTACGT 

ACGTAGCGGTCAATGCTGCAGATGCAAAGAAGTAGGA 

pcDNA3 CCR7 Ha TM4 Cys168 GCTCACCGCCACCGTTGCGCCCGCGT 

ACGCGGGCGCAACGGTGGCGGTGACC 

pcDNA3 CCR7 Ha TM4 Cys195 ATCCCAGAGCTCCTGTGCTACAGTGACCTCCAG 

CTGGAGGTCACTGTAGCACAGGAGCTCTGGGAT 

pcDNA3 CCR7 Ha TM5 Cys215 TGCTCTCTCATCACATGCGAGCATGTGGAGGCC 

GGCCTCCACATGCTCGCATGTGATGAGAGAGCA 

pcDNA3 CCR7 Ha TM5 Cys249 TTGTCATCATCCGCTGCACCCTGCTCCAGGC 

GCCTGGAGCAGGGTGCAGCGGATGATGACAA 

pcDNA3 CCR7 Ha TM6 Cys263 ACTTTGAGCGCAACAAGTGCGCATCAAGGTGATCAT 

ATGATCACCTTGATGGCGCACTTGTTGCGCTCAAAGT 

pcDNA3 CCR7 Ha TM6 Cys291 CCAGACGGTGGCCAACTGCTTCAACATCACCAGTA 

TACTGGTGATGTTGAAGCAGTTGGCCACCGTCTGG 
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pcDNA3 CCR7 Ha TM7 Cys312 CGACGTCACCTACTGCAGCCTGGCCTGCG 

CGCAGGCCAGGCTGCAGTAGGTGACGTCG 

pcDNA3 CCR7 Ha TM7 Cys332 CTTCATCGGCGTCAAGTGCTTCCGCAACGATCTCT 

AGAGATCGTTGCGGAAGCACTTGACGCCGATGAAG 

pcDNA3 CCR7 L325S Ha A315G L325S CTATAAGCTTGGCCGGTGGTGGAATTCA 

CTTACTCGAGCGATTGGGGAGAAGGTGGT 

pcDNA3 CCR7  Ha A315V CAGCGGACGCAGACCAGGCTGTAGG 

CCTACAGCCTGGTCTGCGTCCGCTG 

pcDNA3 CCR7  Ha V317I GCAGCAGCGGATGCAGGCCAGGC 

GCCTGGCCTGCATCCGCTGCTGC 

pcDNA3 CCR7  Ha Y155F TCAGCATTGACCGCTTCGTGGCCATCGTC 

GACGATGGCCACGAAGCGGTCAATGCTGA 

pcDNA3 CCR7  Ha ICL2 AA 
(R166H167) 

GGACGCGGGCACGGGCGGCGTGAGCTGAGACAG 

CTGTCTCAGCTCACGCCGCCCGTGCCCGCGTCC 

pcDNA3 CCR7  Ha HL8 AA 
(I337F338) 

CCAGGTCCTTGAAGAGCTTGGCGGCATCGTTGCGGAACTTGACGC 

GCGTCAAGTTCCGCAACGATGCCGCCAAGCTCTTCAAGGACCTGG 

pcDNA3 CCR7  Ha TM5 AA (V225) CCAGAAAGCCGATCGCCATCTGGGCCACC 

TTTATCACCATCCAGGCGGCCCAGATGGTGATC 

pcDNA3 CCR7  Ha TM5 AA (V229) GATCACCATCTGGGCCGCCTGGATGGTGATAAA 

GGTGGCCCAGATGGCGATCGGCTTTCTGG 

pcDNA3 Src YFP2 Y416F GGCTCGGCTCATTGAAGACAATTTCTACACGGCGCGGCA 

TGCCGCGCCGTGTAGAAATTGTCTTCAATGAGCCGAGCC 

pcDNA3 Src YFP2 R177A GAGGGACCTTCCTCGCGCGAGAAAGTGAGAC 

GTCTCACTTTCTCGCGCGAGGAAGGTCCCTC 
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Lymphocyte homing to and motility within lymph nodes is regulated by the 

chemokine receptor CCR7 and its two ligands CCL19 and CCL21. There, lymphocytes 

are exposed to a number of extracellular stimuli that influence cellular functions and 

determine the cell fate. In this study, we assessed the effect of TCR engagement on 

CCR7-mediated cell migration. We found that long-term TCR triggering of freshly 

isolated human T cells through CD3/CD28 attenuated CCR7-driven chemotaxis, 

whereas short-term activation significantly enhanced CCR7- but not CXCR4-mediated 

migration efficiency. Short-term activation most prominently enhanced the migratory 

response of naïve T cells of both CD4 and CD8 subsets. We identified distinct roles of 

Src family kinases in modulating CCR7-mediated T cell migration. We provide 

evidence that Fyn together with Ca2+-independent PKC isoforms keep the migratory 

response of naïve T cells towards CCL21 at a low level. In non-activated T cells, CCR7 

triggering induces a Fyn-dependent phosphorylation of the inhibitory Tyr505 of Lck. 

Inhibiting Fyn in these non-activated T cells prevents the negative regulation of Lck 

and facilitates high CCR7-driven T cell chemotaxis. Moreover, we found that the 

enhanced migration of short-term activated T cells is accompanied with a synergistic, 

Src-dependent activation of the adaptor molecule LAT. Collectively, we characterize a 

crosstalk between the TCR and CCR7 and provide mechanistic evidence that the 

activation status of T cells controls lymphocyte motility and sets a threshold for their 

migratory response. 
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Introduction 

Directed migration of lymphocytes is a prerequisite to maintain the immune surveillance 

and to acquire an efficient immune response. Chemotaxis depends on local expression of 

diverse chemokines, which guide lymphocytes through the lymphatic system by activating 

the corresponding chemokine receptors227. Under homeostatic conditions, naïve T cells 

circulate continuously between the blood and lymphoid tissues, where they scan dendritic 

cells for their cognate antigen. T cell homing to lymph nodes is mainly enabled by the 

chemokine receptor CCR7 and its two ligands CCL19 and CCL2186. CCR7 belongs to the family 

of G-protein coupled, seven-transmembrane domain receptors and is expressed on 

thymocytes, naïve lymphocytes, central memory T cells, regulatory T cells, NK cells and 

mature dendritic cells86. Triggering of CCR7 with one of its ligands induces the onset of 

various signaling cascades leading to cell polarization and directional migration towards the 

ligand source. Both CCR7 ligands are constitutively expressed mainly by fibroblastic reticular 

cells distributed throughout the T cell zone of secondary lymphoid organs (SLOs)9, 123. 

Whereas CCR7 ligands are also produced by human DCs, murine CCL21 is additionally 

produced in high endothelial venules9, 91, 135. CCR7-deficient mice show strongly impaired 

lymphocyte homing accompanied with severe alterations in the architecture of lymphoid 

organs, manifested by a delayed induction of an adaptive immune response228. Beside its 

ability to recruit lymphocytes into lymphoid organs, CCR7 also enables their intranodal 

motility154, 159. Since the number of naïve T cells specific for a given antigen is extremely low, 

naïve T cells must scan large areas for the appropriate antigen presenting cell (APC) to 

permit the initiation of an effective immune response229-231. Upon T cell receptor (TCR) 

engagement by its cognate peptide/MHC complex expressed on APCs, T cells become 

activated and start to proliferate resulting in clonal expansion of antigen specific T cells.  

Before a T cell starts to proliferate, it enters a complex priming phase, in which the T cell 

consistently interacts for short intervals with several APCs and begins to upregulate early 

activation markers such as CD69157. Within this initial priming phase, T cells stay highly 

motile. In a second step, the interaction of the APC with the cognate T cell becomes 

prolonged leading to the production of IL-2 and IFN157. During this priming phase, naïve T 

cells are exposed simultaneously to a number of different stimuli, including signals arising 

from chemokine receptors and the TCR, which all together finally build up and tune a specific 
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cellular response. Hitherto, only a few studies investigated on the interplay between 

chemokine receptor and TCR signaling. For instance, TCR triggering was demonstrated to 

down-regulate the surface expression of CXCR4 leading to a reduced migratory response 

towards CXCL12232 and to attenuate CXCR3-induced phosphorylation of ZAP70 and LAT, 

resulting in reduced chemotaxis233. These phenomena might contribute to the stop and go 

model in which TCR engagements during synapse formation delivers stop signals to 

chemokine receptors facilitating prolonged T cell-APC interaction and efficient T cell 

activation 234. However, there is recent evidence that TCR stimulation acts via Rac1 to reduce 

the phosphorylation of ERM proteins required for cell polarization and chemokine-

independent random motility235. Moreover, the TCR-mediated stop signal can be reverted by 

CTLA-4 to enhance random motility170. These two studies suggest that the proposed TCR 

stop signal does not directly interfere with chemokine receptor mediated migration. In 

contrast, CXCR4 was also shown to directly interact with the TCR upon chemokine 

stimulation236. The physical interaction between TCR and CXCR4 resulted in prolonged ERK-

1/2 phosphorylation, strong transcriptional activity of AP-1 and enhanced cytokine secretion. 

Furthermore, CXCR4 was shown to utilize ZAP70 to enhance the migratory response of T 

cells236-238. These findings are in line with in vivo observations demonstrating that tonic TCR 

signaling is required for normal naïve CD4 T cell motility239, as well as for a sustained active 

migration of tumor-infiltrating effector T cells through the tumor microenvironment240. 

In this study we investigated the effect of TCR engagement through CD3/CD28 activation 

on CCR7-mediated cellular response of freshly isolated primary human T cells. We 

demonstrate that short-term activation of human naïve T cells modifies CCR7 signaling 

manifested by an enhanced chemotactic response towards low concentrations of the CCR7 

ligands CCL19 and CCL21. We found that this enhanced migratory response mainly depends 

on Src family kinases. Altogether, our data propose a mechanism that permits short-term 

activated T cells to move in a CCR7-dependent manner within the lymph nodes to scan APCs.  
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Results 

Modulation of CCR7-driven migration of primary human T cells upon TCR triggering 

The chemokines CCL19 and CCL21 recruit CCR7+ naïve and central memory T cells to 

lymph nodes. Within this chemokine rich area of lymph nodes, naïve T cells scan dendritic 

cells searching for cognate antigens. How T cells integrate diverse signals derived from CCR7 

and the TCR is poorly understood. To gain new insights on the influence of T cell activation 

on the chemotactic response towards lymphoid chemokines, we first exhibited CCR7-

mediated migration of T cells at different activation stages. Therefore, we isolated CD3+ 

human T cells from healthy donors and cultured them for increasing periods of time on anti-

CD3/CD28-antibody coated plates in the presence of hIL-2, and assessed the migratory 

capacity in TranswellTM migration assays. Freshly isolated CD3+ T cells migrated readily 

towards CCL19, and CD3/CD28 triggering steadily attenuated the migration efficiency 

between day 2 and 6 (Figure 1A), similar to a reduced CXCL10/CXCL12-dependent 232, 233 and 

chemokine–independent235 T cell motility observed after TCR engagement. In contrast, 

CCL21-mediated chemotactic responses were rather poor in freshly isolated CD3+ T cells, but 

transiently increased upon CD3/CD28 triggering reaching highest responses at day 2 before 

progressively declining again down to initial responses (Figure 1A). Similar results were 

observed in PBLs cultured in the presence of IL-2 alone91. Next, we determined surface 

expression levels of CCR7 by flow cytometry. CCR7 expression slightly increased at day 2 

after TCR stimulation, but declined at day 3 and more profound at day 6 (Figure 1B). This 

result is in line with previous data showing that TCR ligation led to an enhanced CCR7 surface 

expression which was accompanied with increased responsiveness241. Supposing that small 

differences in receptor surface expression influence the migratory response, observed 

changes in CCR7 expression could explain chemotaxis results for one of the ligands, but not 

for the other. To investigate the consequence of T cell activation on CCR7 functions other 

than migration, we exhibited the activation of the MAP kinases ERK-1/2 in non-activated and 

CD3/CD28-activated human T cells. Strikingly, CCR7-mediated ERK-1/2 activation was 

profoundly enhanced by both ligands at day 2 after T cell activation compared to non-

activated T cells (Figure 1C). At day 6, the potency of CCR7 to trigger ERK-1/2 

phosphorylation was much lower compared to day 2, but still higher than in freshly isolated 
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CD3+ T cells. Given that receptor expression at day 6 was significantly reduced, the enhanced 

chemokine-mediated ERK-1/2 phosphorylation does not correlate with the expression levels 

of CCR7. These data suggest that T cell activation via CD3/CD28 modifies CCR7 signaling and 

cellular responses.  

Figure 1. Temporarily modified CCR7 signaling and migration upon T cell activation 
(A) Freshly isolated human CD3+ T cells were activated or not on anti-CD3/CD28 antibody-coated 

dishes and cultured for up to 6 days. T cell migration towards 1µg/ml CCL19 and CCL21 was 
determined by TranswellTM migration assay. The percentage of cells migrated to the lower 
compartment within 3 h was determined by flow cytometry. Cells migrated in the absence of 

chemokines were subtracted. Mean values  SEM derived from four independent experiments are 
shown. (B) Simultaneously cell surface expression of CCR7 was assessed by flow cytometry using a 
FITC-labeled CCR7-specific antibody. (C) Freshly isolated CD3+ T cells and CD3/CD28 stimulated cells 
were stimulated for 2 min with 2µg/ml CCL19 or CCL21 at 37°C. Chemokine-induced ERK-1/2 
activation was determined by Western blotting using a phospho-specific anti-ERK-1/2 antibody. 
Reprobing the same blot with a total ERK-2 antibody served as protein loading control. A 
representative out of three independent experiments is shown. 

Short-term TCR triggering is sufficient for enhanced CCR7-mediated migration 

To assess whether early TCR signals account for the enhanced CCR7 signaling, we 

performed TranswellTM migration assays with short-term activated and non-activated T cells. 

To this end, we isolated primary human CD3+ T cells from blood samples and activated them 

on anti-CD3/CD28-coated plates. After 2 h of incubation, short-term CD3/CD28-activated 

and non-activated CD3+ T cells were allowed to migrate towards CCL19, CCL21, and CXCL12. 

Interestingly, short-term CD3/CD28-activated CD3+ T cells migrated significantly better 
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towards CCL19 and CCL21 at concentrations near the Kd values (~0.01-0.1μg/ml91, 242, 243) of 

the two chemokines (Figure 2A). Maximal migration was observed at 0.5 μg/ml of CCR7 

ligands and decreased again at higher chemokine concentrations, independently on whether 

T cells were activated or not. Remarkably, enhanced CCL21-induced migration upon short-

term T cell activation was observed at any chemokine concentration tested, whereas more 

efficient CCL19-mediated chemotaxis was only noted at concentrations close to the Kd value 

(Figure 2A). In contrast, CXCL12-mediated migration was slightly attenuated in activated T 

cells (Figure 2A), confirming previous observations for CXCR4232. As depicted in Figure 2B, 

short-term activation of T cells strongly induced CD69 expression, a marker for early T cell 

activation, but did not significantly altered the expression levels of the homing receptors 

CCR7, CXCR4 and CD62L. These data clearly indicate that the enhanced T cell migration 

mediated by TCR triggering is restricted to CCR7, is most prominently observed at 

chemokine concentrations near the Kd values and cannot be attributed to changes in 

chemokine receptor surface expression. These observations also suggest that the TCR 

signaling pathway differentially co-operate with distinct modules of chemokine receptor 

signaling. All subsequent chemotaxis assays were performed at 0.2 μg/ml of CCR7 ligands, 

where differences in cell migration efficiency between non-activated and TCR triggered T 

cells is most prominent. 

Next, we tested whether even shorter TCR triggering was sufficient for inducing an 

enhanced T cell migratory phenotype. Therefore, we activated primary human CD3+ T cells 

for 45 min on anti-CD3/CD28-coated plates, and subsequently transferred the cells to 

uncoated dishes and cultured them for additional 75 min before the migratory response was 

analysed. Even this shortened period of time was sufficient to provoke a significantly 

enhanced CCR7-dependent T cells migration phenotype (Figure 3A). TCR triggering for 45 

min seems to be the minimal activation time as a further reduction of the duration of TCR 

stimulation did no longer induce the enhanced migratory phenotype (data not shown). In 

addition, this result also demonstrates that the pro-migratory effect maintains after TCR 

ligation for at least one hour and does not require simultaneous stimulation of the TCR and 

the chemokine receptor. 
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Figure 2. Enhanced migratory response of short-term activated human CD3+ T cells is 
specific for CCR7 

(A) Migratory responses of freshly isolated, non-activated or 2 h short-term CD3/CD28 activated 
human CD3+ T cells towards graded concentrations of CCL19, CCL21 and CXCL12 were determined by 
TranswellTM migration assays. Cells were allowed to migrate towards the ligand source for 3 h at 37°C 

and the number of migrated cells was measured by flow cytometry. Mean values  SEM derived from 
six independent experiments are presented. *p<0.05; **p<0.01; ***p<0.001 (paired t test). (B) 
Surface expression of the chemokine receptors CCR7 and CXCR4, the T cell activation marker CD69 as 
well as the lymphocyte homing marker CD62L was determined by flow cytometry. A representative 
result from above mentioned experiment is depicted. 

Enhanced migration by short-term TCR triggering is most effective for naïve T cells 

Next, we aimed to determine whether different T cell subpopulations are more prone to 

develop an enhanced migratory phenotype. To this end, we stained CD3+ T cells for CD45RO, 

CD45RA, CD4 and CD8 prior and post migration towards CCR7 ligands and determined the 

percentage of specifically migrated T cell subsets relative to the input of cells. As depicted in 

Figure 3B, all T cell subpopulations showed an enhanced migratory phenotype induced by 

short-term CD3/CD28 activation, but the most prominent effect was observed for CD45RA+ 

naïve T cells, irrespective whether they were CD4+ helper T cells or CD8+ cytotoxic T cells. 
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Figure 3. Enhanced migration by short-term TCR triggering is most effective for naïve T 
cells 
(A) Human CD3+ T cells were activated for 45 min on anti-CD3/CD28 antibody-coated dishes followed 
by further incubation for 75 min on uncoated dishes. Cells were subsequently subjected to 

TranswellTM migration assays towards 0.2µg/ml CCL19 and CCL21. Mean values  SEM derived from 
six independent experiments are shown. **p<0.01 (paired t test). (B) Human CD3+ T cells were 
activated or not for 2 h on anti-CD3/CD28-coated dishes and subjected to TranswellTM chemotaxis 
assays. Input and migrated T cell populations were assessed for the expression of CD45RO, CD45RA, 
CD4 and CD8 by flow cytometry using specific antibodies. The percentage of individual T cell subsets 

was calculated relative to the initial population. Mean values SEM derived from four independent 
experiments are presented. 

Src family kinases are important for the enhanced CCR7-mediated migration of short-term 

activated T cells 

As we obtained no evidence for the regulation of CCR7 expression by short-term 

activation of T cells which could account for the enhanced migratory capacity, we next 

focused on potential signaling crosstalks between the TCR and CCR7. First, we used 

pharmacological inhibitors and assessed the migratory capacity of drug-treated T cells. 

Importantly, we first stimulated CD3+ T cells with anti-CD3/CD28 for 1 h (which was 

sufficient for inducing the enhanced migratory phenotype as shown in Figure 3A). Cells were 

then further incubated in the presence of inhibitors or solvent controls for another hour 

prior to assessing their migratory capacities. Inhibiting PI3K by Ly294002 or the Rho pathway 

using the ROCK inhibitor Y-27632 partially diminished the overall migratory response but did 

not abrogate the enhanced migration of short-term activated T cells towards CCL19 and 

CCL21 (data not shown). T cells treated with the proteasome inhibitor MG132 prior to T cell 

activation to prevent degradation of potential signaling proteins hampering CCR7-mediated 

migration still displayed enhanced migration upon TCR triggering (data not shown). 

Inhibiting Src family kinases (SFK) using PP2 led to an overall attenuation of CCR7-mediated 
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migration, but additionally significantly reduced the enhanced migratory capacity of short-

term activated CD3+ T cells (Figure 4A). The SFKs Fyn and Lck are well known tyrosine kinases 

down-stream of the TCR playing crucial roles in T cell activation244. To investigate if one of 

these SFKs accounts for the enhanced T cell migration, we performed siRNA experiments in 

primary human T cells to specifically knock-down individual kinases. Unfortunately, siRNA 

transfection itself, whether specific or non-specific, resulted in T cell activation manifested 

by enhanced CD69 and reduced CD62L expression. Despite multiple approaches, we were 

unable to establish conditions to introduce siRNA in primary T cells while keeping the 

enhanced CCR7-diven migration phenotype upon CD3/CD28 triggering (data not shown). As 

an alternative strategy, we exploited the pharmacological compound SU6656, which 

selectively inhibits the SFK members Fyn and Src with only minor or no effect on Lck activity 

245. Primary human CD3+ T cells were pre-treated for 2 h with SU6656 before cells were 

subjected to migration assays. Surprisingly, SU6656 treatment significantly enhanced 

migration of non-activated T cells towards CCL19 and CCL21, but did not influence the 

migratory response of CD3/CD28 activated T cells (Figure 4B). Interestingly, cell migration 

efficiency was similar in SU6656 treated non-activated cells and in short-term activated T 

cells without inhibitor treatment. SU6656 treatment did not affect CXCR4-mediated 

migration of neither activated nor non-activated T cells (Figure 4B) demonstrating again a 

specificity for CCR7. These data indicate that Fyn plays a role in the TCR-CCR7 crosstalk 

leading to enhanced migration of short-termed TCR triggered T cells.  

To substantiate this finding, we inhibited another protein kinase family, the PKCs, which 

were shown to serine-phosphorylate Fyn in platelets246. To investigate the role of PKC, and 

indirectly Fyn, on CCR7-mediated T cell migration, we pre-treated non-activated and short-

term activated CD3+ T cells with the PKC inhibitor bisindolylmaleimide I (BimI). Strikingly, we 

observed an enhanced CCR7-mediated migration, especially towards CCL21, in BimI treated 

non-activated T cells, whereas in short-term activated T cells PKC inhibition rather 

diminished migratory responses (Figure 5A). Similarly to SU6656 treatment, cell migration 

did not increase upon TCR ligation in BimI treated cells. As BimI inhibits several PKC isoforms, 

including PKCα, β1, β2, γ, δ, and ε, we used a second, more specific PKC inhibitor, Gö6976, 

which selectively inhibits the Ca2+-dependent α and β1 isozymes. Pretreatment of non-

activated CD3+ T cells with Gö6976 - in contrast to BimI - attenuated CCL19 and CCL21-
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mediated cell migration. Based on these observations we assume that the SFK Fyn together 

with Ca2+-independent PKC isoforms keep the migratory response towards CCL21 of naïve T 

cells at a low level.  

Figure 4. Src family kinases contribute to 
the enhanced CCR7-mediated migration of 
activated primary human T cells 

Freshly isolated human CD3+ T cells were 
either activated for 2 h by CD3/CD28 or left 
untreated. After the first hour of activation, 
10µM PP2 (A) and equivalent amounts of its 
solvent control, DMSO, was added. (B) Cells 
were treated for 2 h with the Fyn and Src 
inhibitor 5µM SU6656 prior their chemotactic 
response was determined. Chemotaxis towards 
0.2µg/ml CCL19, CCL21 or 50ng/ml CXCL12 was 
assessed by TranswellTM migration assays. The 
numbers of migrated cells were determined by 
flow cytometry. Simultaneous TOPRO-3 staining 
was included to exclude that inhibitor treatment 

affect cell viability. Mean values  SEM derived 
from seven (A) or eight (B) independent 
experiments are shown. *p<0.05; **p<0.01; 
***p<0.001 (repeated measures ANOVA with 
Bonferroni multiple comparison post test). 
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The activation status of Lck and Fyn is reflected in their phosphorylation pattern. 

Thereby, phosphorylation of Tyr394 of Lck results in the activation of the kinase, whereas 

Tyr505 is the regulatory tyrosine residue and its phosphorylation leads to an inactive 

conformation of Lck. For Fyn, Tyr419 is the activating, whereas Tyr528 is the negative 

regulating tyrosine phosphorylation site. To assess the involvement of these two kinases in 

the negative regulation of CCR7-mediated human T cell migration, we determined their 

phosphorylation pattern after chemokine triggering. To this end, we challenged freshly 

isolated human PBLs with CCL21 for different time points and determined the 

phosphorylation status of the regulatory tyrosines by immunoblotting. CCL21 induced a 

strong Tyr505 phosphorylation of Lck in non-activated PBLs which was maximal after 30 min 

of stimulation (Figure 6A). In contrast, the phosphorylation status of Tyr528 of Fyn did not 

change upon CCR7 triggering (Figure 6B). As Fyn was postulated to act as negative feedback 

loop regulator of Lck247, we investigated on the role of Fyn in CCR7-mediated 

phosphorylation of the regulatory Tyr505 of Lck. To this end we treated human PBLs with 

SU6656 prior CCR7 stimulation. Indeed, we found that SU6656 inhibited CCL21-mediated 

Tyr505 phosphorylation of Lck (Figure 6A), suggesting a negative regulation of Lck by Fyn. 

Figure 5. Contribution of PKCs to CCR7-

mediated T cell migration 

Non-activated and short-term activated 
human CD3+ T cells were treated with 10µM 
of the PKC inhibitors BimI (A) or Gö6976 (B) 
one h before T cells were subjected to 
migration assays in response to 0.2µg/ml 
CCL19 or CCL21. Cells were allowed to migrate 
for 3 h before numbers of migrated cells were 
determined by flow cytometry. Cell viability 
after inhibitor treatment was assessed by 

TOPRO-3 staining. Mean values  SEM derived 
from six (A) or seven (B) independent 
experiments are shown. *p<0.05; **p<0.01; 
***p<0.001 (one-way ANOVA with Bonferroni 
multiple comparison post test). 
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CCR7 triggering leads to LAT phosphorylation in activated T cells 

TCR triggering is known to induce phosphorylation of the linker for activation of T cells 

(LAT) by ZAP70, which is itself activated by Lck248. To gain further information for the 

activation state of Lck and Fyn, we tested whether CCR7 triggering induced LAT 

phosphorylation. In non-activated PBLs, CCL19 and CCL21 did hardly induce LAT 

phosphorylation (Figure 7A). By contrast, in short-term TCR-engaged PBLs, LAT 

phosphorylation was strongly enhanced upon CCR7 triggering. Of note, at day 6 of PBL 

activation, CCL19 and CCL21 did no longer induce LAT phosphorylation (data not shown). 

Treating of CD3/CD28 short-term activated PBLs with PP2 completely blocked CCR7-

triggered LAT phosphorylation (Figure 7B) demonstrating that a Src kinase member - most 

likely Lck - is responsible for CCL19/CCL21-mediated LAT phosphorylation.  

Taken together, we found that short-term activation of (naïve) T cells results in a 

significantly enhanced migratory response to CCL19 and CCL21, but not towards CXCL12. We 

provide evidence that Src family kinases, presumably Lck, are responsible for these increased 

migratory responses. Moreover, CCR7-triggering induces LAT phosphorylation by SFKs in 

synergy to TCR engagement. This study demonstrates a profound signaling crosstalk 

between CCR7 and the TCR. 

Figure 6. CCL21 induces inhibitory Tyr505 phosphorylation of Lck in a Fyn-dependent 

manner in non-activated PBLs 

Human PBLs were stimulated for indicated time points with 1µg/ml CCL21. Cell lysates were 
separated on SDS-PAGE and immunoblotted for the inhibitory tyrosine of Lck, pTyr505 (A) or Fyn, 
pTyr528 (B), respectively. Blots were stripped and reblotted with antibodies against total Lck and Fyn 
to assure equal protein loading. Where indicated, PBLs were pretreated with 5µM of the Fyn 
inhibitor SU6656 for 2 h prior to chemokine stimulation.  
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Figure 7. CCR7 stimulation synergistically induces LAT phosphorylation exclusively in 
TCR triggered PBLs 
Human PBLs, either untreated (A) or activated for 2 h with antibodies against CD3 and CD28 (B), 
were stimulated for indicated time points with 1µg/ml CCL19 or CCL21. Chemokine-induced LAT 
phosphorylation at Tyr191 was determined by Western blotting. Cells were lysed and immunoblotted 
for the detection of total and phosphorylated LAT. Where indicated, 10µM PP2 was added 30 min 
prior to chemokine (A) or TCR (B) triggering. A representative Western blot out of four derived from 
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Discussion 

Within lymph nodes naïve T cells are very motile and scan a large number of antigen 

presenting dendritic cells in search for presented cognate antigens. Upon antigen 

recognition, T cells are activated and start to proliferate resulting in clonal expansion and 

differentiation. However, TCR triggering alone is not sufficient for a full blown T cell 

activation. It is now well established that the affinity of the antigen to the TCR, as well as T 

cell co-stimulation are critical for the T cell activation outcome 249, Henrickson, 2008 #211. Intravital 

microscopy revealed that naïve T cells initially interact only temporarily with dendritic cells 

presenting cognate antigens157. During this early priming phase, naïve T cells up-regulate the 

activation marker CD69 and stay highly motile. Of note, tonic TCR signaling in secondary 

lymphoid tissues was shown to be required for maintaining a basal Rac1 and Rap1 activation, 

which is critical for normal T cell motility and antigen receptivity of naïve CD4 T cells239. The 

high motility of T cells during the early priming phase is mediated by the chemokine receptor 

CCR7154, 159. How the migratory behavior of T cells during early and late priming phases is 

regulated is poorly understood. In the present study, we investigated the influence of TCR 

ligation on the chemotactic response towards the lymph node chemokines CCL19 and CCL21 

using human peripheral blood-derived T cells as a model system. We demonstrate that 

mainly CD45RA+ naïve T cells, but also CD45RO+ memory T cells, migrate more readily 

towards CCL19 and CCL21 upon short-term triggering of the TCR. This pro-migratory effect 

was specific for the chemokine receptor CCR7 and did not occur for CXCR4. This is in line 

with the sole previous finding showing that CCL21, but not CXCL12 could override the TCR 

mediated stop signal in a 2D system where T cells were subjected to opposing gradients of 

coated antigens and chemokines250. Moreover, our findings are also supported by intravital 

imaging studies describing a promigratory role for TCR signals of naïve239, as well as in 

effector T cells240, without specifically investigating involved chemokines/chemokine 

receptors. Substantially more information is available addressing the interplay between 

CXCR4 and the TCR. In fact, CXCR4 was shown to physically interact with the TCR after 

chemokine binding236. On the one hand, this heterodimer between CXCR4 and the TCR 

enabled the chemokine receptor to signal via the TCR ITAM motifs in a ZAP70-dependent 

manner, resulting in sustained ERK activation, altered transcriptional activity, as well as 

increased [Ca2+]i mobilization236, 238. On the other hand, CXCR4 triggering diminished TCR 
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activation by lowering the phosphorylation of ZAP70, LAT and SLP76232. The same authors 

reported that TCR activation inhibited T cell migration towards CXCL12 and caused 

augmented CXCR4 internalization232. Our observations confirm the reduced CXCR4-mediated 

migratory response after TCR engagement in human T cells, however in our hands this effect 

did not correlate with a decreased surface chemokine receptor expression (Figure 2). 

Using a panel of pharmacological inhibitors, we identified Src kinases to substantially 

account for the enhanced CCR7-induced migration of T cells upon short-term triggering of 

the TCR. In our experimental setup, inhibition of SFKs by PP2 led to an overall reduced 

lymphocyte migration but also abrogated the TCR-mediated pro-migratory phenotype. 

Surprisingly, we observed a significantly enhanced migration of non-activated human T cells 

if the SFK Fyn was blocked by SU6656. This enhanced migration induced by Fyn inhibition 

could not be further augmented by TCR triggering, strengthening the assumption that 

different members of SFK opposingly effect CCR7-driven T cell migration. Lck and Fyn are the 

major SFKs in T cells and among the first downstream signaling molecules of the TCR. 

Activation of these tyrosine kinases is on the one hand regulated either by conformational 

changes, which are due to the binding of target proteins to the SH3 and/or SH2 domains of 

the kinase and on the other hand by the phosphorylation status of two critical tyrosine 

residues 244. The activating tyrosine is located within the kinase domain, whereas the 

inhibitory/regulatory tyrosine is positioned in the C-terminus (Tyr505 for Lck and Tyr528 for 

Fyn). After TCR engagement, SFKs - essentially Lck - phosphorylate the ITAM motifs within 

the γ-,δ-,ε- and ζ-chains of CD3. Subsequently, ZAP70 is recruited to phosphorylated CD3 and 

itself activated by Lck248. Phosphorylation of the adaptor molecules LAT and SLP76 by 

activated ZAP70 is critical for an effective TCR triggering resulting in a fully activated T cell 

status 251. Although there is no doubt that TCR stimulation leads to activation of Lck and Fyn, 

differences in the phosphorylation status of these two kinases before and after TCR 

engagement were reported. It is well established that tyrosine residues within the kinase 

domain of Lck are phosphorylated after efficient T cell activation252, 253. A recent study, 

however, described that in naïve T cells a significant proportion of Lck was constitutively 

active and, strikingly, partially also phosphorylated at the inhibitory Tyr505254. Moreover, in 

these cells, the amount of active Lck did not increase upon TCR/CD3 engagement but 

determined the extent of CD3ζ phosphorylation254. Currently, there are only few studies 
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investigating the role of Lck and Fyn in chemokine receptor signaling and function: CXCR4 

stimulation was reported to enhance Lck activity, which was important for the onset of 

different downstream pathways involving ZAP70, Dok-1255, 256, and Fyn257. Lck was also 

reported to play a crucial role in CXCR4-mediated lymphocyte homing258. Furthermore, a 

negative effect on TCR-mediated Lck activation was described for CXCL12-treated cells259, 

suggesting interplay between the chemokine receptor- and the TCR signaling via the action 

of SFKs. In the present study we identified a crucial role for SFKs in T cell migration towards 

the CCR7 ligands CCL19 and CCL21. Furthermore, we demonstrate that in naïve T cells, the 

regulatory Tyr505 of Lck was phosphorylated in a Fyn-dependent manner upon CCR7 

triggering. Together with the finding that inhibition of Fyn led to an enhanced migratory 

response in non-activated human T cells, our results provide evidence for a negative role of 

Fyn in CCR7-mediated migration, which presumably depended on the inhibition of Lck. Fyn 

was recently shown to control the time of TCR engagement thereby regulating the threshold 

of T cell activation247. Further, their data demonstrate a reduced phosphorylation of the 

regulatory Tyr505 of Lck in the absence of Fyn, assuming a negative feedback loop, similar to 

our observation. The assumption that Lck is activated by CCR7 in activated T cells and 

thereby positively influences chemokine-mediated migration, is supported by the fact, that 

we detected a profound SFK-dependent phosphorylation of LAT upon CCR7 triggering, which 

is in line with Lck-mediated ZAP70 activation upon TCR ligation260. 

Besides SFK we identified PKCs as an additional kinase regulating CCR7-mediated T cell 

migration. In fact, pharmacological inhibition of several PKC isoforms by BimI led to an 

increased migration of non-activated human T cells towards CCL21. The CCR7-mediated 

migratory response of BimI-treated naïve T cells resembles that of SU6656-treated cells. 

Again TCR ligation could not further augment the migratory response. No enhanced T cell 

migration was observed in cells, where Ca2+-dependent PKC isoforms, like PKCα and PKCß1 

were inhibited, pointing to a major role for Ca2+-independent PKC isoforms in naïve T cell 

migration. Discrepant results are reported for different PKC isoforms in regard to cell 

migration. For instance, T cell migration was reported to be resistant to PKC inhibitors261. In 

contrast, PKCδ was required for CCR4-mediated chemotaxis262, 263. Interestingly, it has been 

noted that upon culturing, T cells switch from a PI3K-dependent to a PKC-dependent 

chemotactic response to CXCL12 although the mechanism remains elusive264. It has also 
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been speculated that different PKC isoforms differentially regulate actin reorganization and 

integrin activation and hence account for different mechanisms of migration signaling 

paths265, 266. In this perspective it is worth noticing that Fyn activity can be regulated by the 

PKC246, which could explain our migration data.  

In summary, our data reveal that the migratory response of human primary T cells 

towards the lymph node chemokines CCL19 and CCL21 is linked to the activation status of 

the cells. We observed a significantly enhanced T cell migration upon short-term TCR 

activation which was independent of CCR7 surface expression. Moreover, we identified Src 

family kinases as integral signaling molecules between the TCR and CCR7. We provide 

evidence that in naïve human T cells CCR7 activation let to a Fyn-dependent Lck inhibition, 

whereas in short-term activated T cells CCR7 triggering induced a strong chemokine-

dependent LAT phosphorylation, presumably through Lck. Moreover, we determined a 

negative role of Ca2+-independent PKC isoforms in CCR7-mediated migration, which faded 

away in activated T cells. This data clearly indicate that TCR engagement results in a 

modified CCR7 signaling resulting in an altered migratory T cell phenotype. Our results 

provide mechanistic insights on how T cells acquire a highly motile phenotype during early 

priming phases in lymph nodes, despite opposing stop signals provided by the TCR.  

Material and Methods 

Isolation and activation of primary human T cells 

Human peripheral blood mononuclear cells (PBMCs) were isolated from blood samples of healthy 
donors by Ficoll density gradient centrifugation. Peripheral blood lymphocytes (PBLs) were obtained 
by privation of monocytes with CD14-positiv magnetic sorting (Miltenyi Biotech). CD3+ T cells were 
isolated from PBLs by negative selection using the pan T cell isolation kit II (Miltenyi Biotech) yielding 
a purity of 90-97%. T cells were permitted to recover from the isolation procedure by maintaining the 
cells in RPMI medium supplemented with 0.5% human AB serum for 1 h. For longer cultivation and 
migration assays, T cells were maintained in RPMI medium supplemented with 10% fetal calf serum, 
1% β-mercaptoethanol and 1% non essential amino acids. 200U/ml human IL-2 was added at day 3 of 
cultivation. For short-term activation, T cells were plated on dishes pre-coated with 5µg/ml anti-CD3 
(clone OKT3, Janssen-Cilag) and 2µg/ml anti-CD28 antibodies (clone CD28.2, eBioscience), for 
indicated time points. A fraction of cells was kept under the same condition but on uncoated dishes. 

Cell surface expression of proteins was determined by flow cytometry (LSRII BD Biosciences) 
using the following antibodies: phycoerythrin- or fluorescein-labeled anti-CCR7 MAb (Clone 150503) 
and phycoerythrin-labeled anti-CXCR4 MAb (Clone 12G5) from R&D Systems, phycoerythrin-labeled 
anti-CD62L (Clone FMC46) and phycoerythrin-labeled anti-CD69 (Clone FN50) from AbD Serotec. 



Chapter 3: CCR7 – TCR crosstalk  

 

 
98 

In several experiments cells were treated with the inhibitory compounds MG132 (Calbiochem), 
LY294002 (Cell Signaling), Y-27632 (Sigma-Aldrich), SU6656 (Biaffin GmbH), PP2 (Calbiochem), 
bisindolylmaleimide I (Sigma-Aldrich), or Gö6976 (Calbiochem). 

Chemotaxis 

Human CD3+ T cells (1x105) were placed in TranswellTM filters (Corning Costar) with 5µm pore size 
and allowed to migrate to the lower compartment containing indicated concentrations of 
recombinant human CCL19, CCL21 or CXCL12 (PeproTech) for 3 h. The numbers of input and 
migrated cells were determined by flow cytometry (LSRII, BD Biosciences) by gating on alive, TOPRO-
3 (Molecular Probes) - negative cells and acquiring events for 90 sec. Specific cell migration was 
calculated by subtracting the number of cells migrating in the absence of chemokines. Results are 
shown as percentage of specifically migrated cells relative to the number of input cells. 

T cell stimulation by chemokines and Western blot analysis 

PBLs (1x106 cells per assay point) were stimulated with 1-2µg/ml chemokine for indicated time 
points at 37°C and immediately lysed on ice in 1% NP-40, 0.25% Sodiumdesoxycholate, 0,4% N-
dodecyl maltoside, 50mM Tris, 150mM NaCl, 1mM EGTA, 1mM Na3VO4, 1mM NaF, pH 7,4, 
supplemented with protease- and phosphatase-inhibitor mix (Roche). Total cell lysates were 
separated on 10% SDS-PAGE and transferred to nitrocellulose membranes by wet blotting. Western 
blot analysis was performed using the following antibodies: anti-phospho-p44/42 MAPK (pERK-1/2, 
Thr202/Tyr204), anti-p42 MAPK (ERK-2), anti-pLck (Y505), anti-Fyn, anti-LAT and anti-pLAT(Y191) (all 
from Cell Signaling Technology). Anti-Lck (clone 3A5) was purchased from Millipore, anti-pFyn 
(pY528/c-Src pY530) was purchased from BD Bioscience. To investigate the role of SFKs, cells were 
either pre-incubated for 30 min with 10µM PP2 before TCR engagement or for 1 h with 5µM SU6656 
before chemokine triggering, respectively.  

Statistic evaluation  

Statistical analysis was performed using GraphPad InStat (GraphPad Software, Inc. La Jolla, CA) 
applying the one of the following algorithms as specified in the figure legends: paired t test, repeated 
measures ANOVA with Bonferroni multiple comparison post test, one-way ANOVA with Bonferroni 
multiple comparison post test. Results displaying statistic evaluations were performed at least five 
times independently using lymphocytes from different donors.
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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 two 

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`, thereby regulating receptor sensitivity and cell 

migration. We found that freshly isolated human B cells, as well as expanded T cells, 

but not naïve T cells, express highly sialylated CCR7. Moreover, we identified that 

human DCs imprint T cells’ migration towards CCR7 ligands by secreting enzymes that 

de-glycosylate CCR7, thereby boosting CCR7 signaling on T cells permitting enhanced 

T cell locomotion while simultaneously decreasing receptor endocytosis. In addition, 

DCs 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 DC-dependent 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-tune 

chemotactic responses. 
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Introduction 

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 dendritic cells (DCs) 

and T cells to secondary lymphoid organs that relies on the chemokine receptor CCR785, 86. 

CCR7 belongs to the class A of G-protein coupled receptors and is expressed on various 

leukocyte subsets, including thymocytes, naïve and central memory T cells, regulatory T 

cells, NK cells, B cells and semi-mature and mature dendritic cells86. CCR7 has two known 

ligands, the homeostatic chemokines CCL19 and CCL21. CCL21 is produced by lymphatic 

endothelial cells97 and immobilized on afferent lymphatic vessels, thereby providing a 

guidance cue for DCs to enter into the vessel lumen. In lymph nodes CCL21 is expressed and 

produced by fibroblastic reticular cells (FRCs) in the T cell zone9 and is additionally presented 

on high endothelial venules (HEVs)10. FRCs also secret CCL19, though to a lower amount267. 

Although CCL19 and CCL21 bind to CCR7 with similar affinities77, 91 suggesting high 

redundancy, the two chemokines additionally possess defined ligand-specific activities. For 

instance, only CCL19 leads to a profound phosphorylation on intracellular serine/threonine 

residues of CCR777 via the recruitment of G protein-coupled kinase (GRK) 3 and GRK676. This 

results in a robust β-arrestin recruitment and ultimately leads to receptor desensitization 

and endocytosis12, 81. On the other hand, only CCL21 binds to mono- and oligosaccharides of 

the heparan sulfate type through its unique 32 amino acid long C-terminal extension, of 

which 12 amino acids are basic268, 269. In vivo, injecting a C-terminally truncated version of 

CCL21 prevented its immobilization on HEVs and abolished lymphocyte extravasation10. 

Interestingly, we have reported that DCs are able to C-terminally cleave immobilized CCL21 

to generate soluble CCL21 forming a new chemokine gradient11. Of note, this C-terminally 

truncated CCL21 triggered directed migration but not adhesion11, pointing to a unique role 

and specialized abilities of soluble CCL21. 

For chemokines in general, it has been reported that the N-terminal domain preceding 

the first two of four conserved cysteines are key for receptor activation. Surprisingly, CCL19 

and CCL21 share very little sequence identity in this region33. Despite low sequence 

homology of chemokines at large, NMR and crystallography studies revealed a conserved 

overall 3D structure270, 271. Consequently, the mechanism of receptor activation by 
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chemokines appears to be conserved and has led to the so called two-step, two-site model44, 

45, 272. 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 extracellular loops and transmembrane residues of the receptor. 

Finally, rearrangements in both chemokine and receptor stabilize the active conformation of 

the chemokine receptor resulting in downstream signaling44, 45, 272. Recent structural insights 

of chemokine binding to CXCR4, however, point to a more versatile receptor plasticity and 

hence flexibility in ligand binding than previously anticipated45. 

Posttranslational 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 additional negative charge 

to the receptor’s N-terminus and hence contribute to binding to the basic domain of 

chemokines39, 40, 273, 274. Moreover, negative charge can also be introduced by glycosylation 

of the N-terminus or the extracellular loops of the chemokine receptor41, 42, 275. Thereby 

glycans, including mono-, oligo- and poly-saccharides, 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 extracellular loop 2 (N176) is necessary for high affinity 

binding of the ligand275. Although CCR5 is not a substrate for N-linked glycosylation, 

modification of CCR5 with O-linked oligosaccharides on S6 is essential for CCL3/4 binding42. 

The composition of glycans on glycoproteins is diverse and various monosaccharides are 

added to the growing oligosaccharide chain. The cell glycocalyx is shaped by two types of 

enzymes: glycosyltransferases that transfer and/or synthesize glycosylated structures and 

glycosidases that mediate the removal of glycans from glycosylated proteins276. In particular, 

sialic acid, a nine carbon monosaccharide derived from neuraminic acid is conjugated to the 

terminal position of complex N- and O-glycans. This means, sialic acids on glycoproteins are 

situated on the frontline during leukocyte communication and function, and hence are key 

for regulating an immune response276. Capping of glycans with terminal sialic acid is 

mediated by twenty acceptor specific sialyltransferases. Interestingly, DC differentiation and 

maturation is accompanied by significant changes in expression of both sialyltransferases 

and their counterpart sialidases277-281. For instance, expression of ST3Gal-I and ST6Gal-I, 

responsible for α2,3- and α2,6-sialylation, is significantly up-regulated during human 
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monocyte-derived dendritic cell (MoDC) differentiation277. In contrast, MoDC maturation 

induces the sialidases Neu1 and Neu3278 resulting in an increase in α2,3-sialylation while 

α2,6-sialylation is decreased277, 279. 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 endocytosis282, 283, as well as migration284-286 of DCs and their 

interaction with T cells282, 283, 287, 288. Of note, ST8Sia-4-dependent polysialylation of 

neurophilin-2 facilitates binding of CCL21 resulting in enhanced DC migration to lymph 

nodes285. Moreover, CCL21 was also found to directly bind to polysialyl-moieties that are up-

regulated upon DC maturation to regulate DC migration289. In contrast, ST3Gal-IV-dependent 

sialylation was necessary for CXCR2-driven but not for CCR7-mediated migration284, 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 both at the N-terminus and the third extracellular loop. 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 de-glycosylated CCR7 is less susceptible to receptor 

endocytosis but more sensitive to chemokine-mediated cell migration. 

 

Results 

CCR7 is N-glycosylated on N36 and N292 

The chemokine receptor CCR7 and its two ligands, CCL19 and CCL21, are essential for DC 

and T cell homing. Strikingly, besides common activities, biased signaling induced by only 

one of the two ligands has been noted. Structurally, the most obvious difference between 

the two chemokines is the unique extended and positively charged C-terminus of CCL21, 

permitting interaction with glycosaminoglycans. Hence, it is tempting to speculate that 
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differences in signaling by the two ligands might be due to glycosylation of CCR7 and hence 

differential binding of the two ligands. Evidence for CCR7 sialylation is provided by its affinity 

to lectin290. In order 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 de-glycosylated CCR7 as revealed by shifts 

to lower molecular weight (Fig. 1A). Bioinformatics analysis of the CCR7 amino acid sequence 

using NetNGlyc and NetOGlyc291, 292 predicted two potential N-glycosylation sites, namely 

N36 in the N-terminus and N292 within extracellular loop 3 (ECL3) of human CCR7. 

Additionally, two putative extracellular O-glycosylation sites (T37 and T38) preceding the 

potential N-glycosylation site (N36) and one potential intracellular O-glycosylation site within 

the PKC/PKA 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 de-glycosylated wild-type 

CCR7 (Fig. 1A). Mutating 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 

de-gylcosylation 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 both N36 

and N292. 

To further advance 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 tetrazines293, 294 to further characterize CCR7 

glycosylation. Feeding cells with differently tagged sugar moieties enabled us to detect 
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sialylated CCR7 (Ac4ManNCyoc) and presumed mucin-type O-glycosylation (Ac4GalNCyoc) or 

O-GlcNacylated CCR7 (Ac4GlcNCyoc) (Fig. 1B). The metabolic labeling strategy involved three 

key steps (Fig. 1B): First, cells stably expressing CCR7 were fed with synthetic sugar 

derivatives, which, after being taken up and de-acetylated 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. Profound labeling of CCR7 with Ac4ManNCyoc but not with Ac4GalNCyoc 

and Ac4GlcNCyoc, was observed (Fig. 1C). Labeling with Ac4ManNCyoc can be prevented by 

surface de-glycosylation with PNGaseF (Fig. 1C), demonstrating that CCR7 is sialylated in cell 

transfectants. Moreover, CCR7 labeling with Ac4ManNCyoc was impaired in CCR7 mutants 

lacking N-glycosylation sites and could not be further reduced by surface de-glycosylation 

(Fig. 1D), further substantiating sialylation of CCR7. 

Next, we addressed whether CCR7 is also sialylated in primary cells. Therefore, we 

metabolically labeled primary human peripheral blood lymphocytes (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. 
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Figure 1. CCR7 is sialylated on Asn36 and Asn292. (A) CCR7 is glycosylated on N36 and 

N292. HEK293 cells stably transfected with Strep HA CCR7 or indicated glycosylation mutants were 
either treated with 5μg/ml PNGaseF or left untreated, lyzed and CCR7 was immunoprecipitated using 
an anti-HA antibody. The molecular weight of CCR7 was determined by Western blotting. Depicted is 
one experiment out of four with similar outcomes. (B) Metabolic labeling strategy. Cells were fed 
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with synthetic sugar derivates. Sugar moieties are taken up, de-acetylated by esterases, metabolized 
and incorporated into CCR7 glycoforms. The glycan structure is labeled using a ligation reaction with 
tetrazin-biotin. (C) N-glycans of CCR7 are capped with sialic acid. HEK293 cells stably transfected with 
Strep HA CCR7 were fed with either Ac4GalNCyoc, Ac4GlcNCyoc or Ac4ManNCyoc for 48h, treated 
with 5μg/ml PNGaseF or left untreated and biotin ligation was performed. Cells were lyzed and CCR7 
was immunoprecipitated using an anti-HA antibody. Biotin ligation on CCR7 glycan structure was 
determined by Western blotting. One experiment out of three with similar outcomes is depicted. (D) 
Sialic acid caps both N36 and N292 glycan structures of CCR7. HEK293 cells stably expressing Strep 
HA CCR7 or the indicated glycosylation mutants were fed with Ac4ManNCyoc for 48h, treated with 
5μg/ml PNGaseF or left untreated and biotin ligation was performed. Cells were lysed and CCR7 was 
immunoprecipitated using an anti-HA antibody. One experiment out of three with similar outcomes 
is depicted. (E) CCR7 is sialylated in primary human PBLs. PBLs were fed with either Ac4GalNCyoc, 
Ac4GlcNCyoc or Ac4ManNCyoc for 48h and incorporated sugar was labeled with biotin. Cells were 
lyzed and CCR7 was immunoprecipitated using an anti-CCR7 antibody. Biotin co-immunoprecipitation 
was determined by Western blotting. One experiment out of three 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 48h, treated with 5μg/ml PNGaseF or left 
untreated, biotin was ligated and PLA was performed. Afterwards, biotin unused in the PLA reaction 
was stained using Streptavidin-Cy5. One experiment out of five with similar outcomes is depicted. 
Scale bar: 10µm. (G) CCR7 sialylation in different lymphocyte subsets. PBLs were isolated from 
healthy donors and subsequent, CD45RO+, CD45RO- and CD19+ cells were sorted. In addition, PBLs 
were activated on plate bound CD3/CD28 for 7d to obtain effector T cells. All cell subsets were 
pulsed for 48h with Ac4ManNCyoc, labeled and PLA was performed. Excessive ligated biotin was 
stained using Streptavidin-Cy5. One experiment out of at least three experiments with independent 
healthy donors is depicted. Scale bar: 10µmProfound differences in CCR7 sialylation on distinct 
leukocyte subsets. 

Profound differences in CCR7 sialylation on distinct human leukocyte subsets 

As we detected less incorporation of sialic acid into CCR7 in PBLs compared to 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 proximity ligation technology (PLA), 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 two techniques, we fed HEK293 cells expressing CCR7-

GFP with Ac4ManNCyoc and labeled incorporated sugar with biotin and stained it with 

streptavidin-Cy5. Fixed cells were subsequently stained with primary antibodies against 

CCR7 and biotin before a rolling circle PCR using fluorescent oligonucleotides was performed 

in situ. A profound PLA signal for CCR7 sialylation, as manifested by red fluorescent dots, was 

found in cells fed with Ac4ManNCyoc (Fig. 1F). Importantly, surface de-glycosylation by 

PNGaseF treatment removed not only the streptavidin-Cy5 signal from the glycan/sialyl 

structure of CCR7 but also the PLA signal (Fig. 1F). Hence, we successfully established a 

method to monitor CCR7 sialylation in situ with a high resolution on a single cell level. 



Chapter 5: CCR7 purinergic signal relay 

 

 
107 

To further 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 using PLA (Fig. 1G). Surprisingly, we detected 

sialylated CCR7 only on a subpopulation of human PBLs (Fig. 1G). To further delineate which 

PBL subpopulation express sialylated CCR7, we separated freshly isolated CD45RO+ 

memory/effector from CD45RO- naïve T cells. While naïve 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. Interestingly, 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 distinct subpopulation of 

lymphocytes, namely B cells and effector T cells, which express high amounts of sialylated 

CCR7 on their cell surface. 

Dissecting modeled CCR7 glycoforms to address its functional consequences 

In order 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 

CCL21/CCL19-CCR7 interaction we exploited the solved structure of CXCL8 in complex with a 

peptide derived from the N-terminus of CXCR1295 in combination with the NMR structures of 

CCL21 and CCL19270, 296. Accordingly, N36 of the N-terminal tail of CCR7 is positioned close to 

a basic residues patch of CCL21 and CCL19 (highlighted in green, Fig. 2A), suggesting that 

additional negative charge on N36, provided by its glycosylation, might strengthen CCR7-

CCL21/CCL19 interaction. Of note, the basic residue patch of CCL21 and CCL19 differ in size 

and shape. While the basic region of CCL21 constitutes of 3 basic residues (R44, K45, R46), 

the corresponding region of CCL19 includes only two basic amino acids (R44 and R47) that 

point more in the direction of the N-terminus of CCR7 when compared to the basic region of 

CCL21. A putative receptor tyrosine sulfation site on CCR7 is also positioned close to a large 

positively charged area of CCL21/CCL19 (Fig. 2A). Alternatively, bulky branched sugar 
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moieties might provide steric hindrance hampering binding of CCR7 ligands to sialylated 

CCR7. To further advance the predictive power of our model, we took advantage of the 

recently published structure of CXCR4 in complex with the viral chemokine vMIP-II45. vMIP-II 

is a viral CC-chemokine that highly resembles the structure of CCL21 (Fig. S1A). 

Unfortunately, parts of the CXCR4 N-terminus are missing from the electron density of the 

solved structures45. Therefore, conformational predictions of the first glycosylation site are 

limited. Nonetheless, the model predicts a profound interaction between the N-terminus of 

the receptor with the N-loop and the β3 strand of the chemokine (Fig. S2B 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 (Fig. S2B magenta) 

that consists of a major and a minor binding groove297 (Fig. 2D), resulting in a high affinity 

receptor conformation and ultimately receptor signaling. To predict the involvement of CCR7 

N292 in ligand interaction and forming the high affinity conformation of the receptor, we 

modeled two sugar moieties on N292 (analog to K271 on CXCR4) and the known 

glycosylation site (N176) of CXCR4 (Fig. 2B). Based on this model, two scenarios can be 

predicted: first, 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 due to glycosylation could prevent ligand entry into the binding pocket. Three 

basic amino acids in the CCL21 structure (K11, R15, K16) potentially facilitate interaction 

with the glycan structure built on N292 of the receptor. Whereas, only R35 in CCL19 

putatively interacts with glycosylated CCR7 N292. We also analyzed CXCR4 N176, as 

glycosylation at this site is known to interfere with dimerization with CD4298. In contrast to 

N292 of CCR7, there is a larger interspace between the chemokine and the N176 glycan, 

suggesting that CXCR4 N176 does not interact with the chemokine. We next aligned CXCR4 

structures bound to different antagonists, namely IT1t (a small molecule), CVX15 (a 16 

residue cyclic peptide)55 and the viral chemokine antagonist vMIP-II45. While IT1t and vMIP-II 

occupy both the major and minor binding groove of CXCR4, CVX15 binds to the ligand entry 

site and the major binding groove45, 55. 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 β2-adrenergic receptor in its unoccupied (PDB 4LDE/blue), in its 
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inverse agonist bound (PDB 2RH1/red) and in its fully activated (PDB 3SN6/green) state (Fig. 

S1B). Based on the comparison of these CXCR4 and adrenergic receptor structures, we were 

able to extrapolate and develop three major hypotheses: (1) Although the overall folding of 

the TM domains of GPCRs are 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 selectivity299. 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,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 

cap300. Of note, S1P1 receptor N-glycosylation of N30 was found to increase this helical cap 

without affecting ligand binding, but regulating receptor endocytosis301. According to this, it 

is possible that CCR7 glycosylation might regulate CCR7 desensitization and endocytosis. 
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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 (PDB 2L4N/2MP1). To ensure right 
positioning of chemokine and receptor N-terminus, modeled interaction was superimposed on 
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). (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 
representation, whereas basic residues are depicted as sticks and colored in green. (C) Comparison of 
CXCR4 structures occupied with different antagonists. Model of glycosylated N176 (orange) and 
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N292 (red) (CXCR4 K271) residues and receptor N-terminus (green) of different CXCR4 structures. 
CXCR4:vMIP-II is depicted in light grey, CXCR4: CVX-15 in dark grey and CXCR4:IT1t is depicted in 
white. The receptor is shown as ribbon. (D) CCR7 helical wheel model confining the ligand entry site, 
the main ligand-binding pocket with the minor binding pocket located between the extracellular 
segments of TM-1, -2, -3 and -7. Highlighted are CCR7 N-terminus and ECL3 with its N-glycan 
structures. 

Soluble CCL21 owns unique properties that are distinct from CCL19 and immobilized CCL21 

In order 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-

binding site. Of note, this chemokine variant is generated proteolytically by DCs and is 

therefore referred to as soluble CCL2111. Surprisingly, soluble CCL21 induced primary human 

T cell migration at much lower concentrations compared to its parental variant (Fig. 3A). 

Moreover, T cell migration towards 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 further investigate 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 Gβγ subunits of the G 

protein, resulting in an increase of intracellular inositol trisphosphate (IP3) and diacylglycerol 

(DAG), 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. 

Phosphoinositide 3-kinase (PI3K) plays an important role in coordinating chemokine 

responses through coupling to downstream effectors, including activation of extracellular 

regulated kinase (ERK) and Akt302. Interestingly, a bias in ERK1/2 activation upon CCR7 

triggering by CCL19 and CCL21 was noted76, 77. In line with these studies, we observed 

stronger ERK1/2 phosphorylation in primary human PBLs stimulated with CCL19, compared 

to CCL21 (Fig. 3C). Strikingly and in contrast to Ca2+ mobilization, ERK1/2 activation by 

soluble CCL21 was elevated when compared to CCL21 (Fig. 3C). 
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Figure S1. Chemokine and chemokine receptor structures and models (A) Alignment of 
vMIP-II (white) (PDB 4RWS) and CCL21 (blue) (PDB 2L4N) depicted as ribbon with transparent surface 
representation. (B) Close up of the extracellular side of CCR7 structural models in its unoccupied 
(blue), inverse agonist bound (red) and fully activated state (green). Black arrows show 
transmembrane helical movements occurring on activation. In summary, agonist (inverse) binding 
results in inward shifts of TM1, TM5 and TM7, an upward movement of TM3 (towards extracellular 
side of the receptor) and a small rotation of TM6. Glycosylated residues are labeled in sticks and their 
movement is marked in dashed lines. Upon agonist binding, both N-glycan structures are moved 
inward towards the binding pocket.  
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Moreover, CCL19, but hardly CCL21, is known to induce receptor internalization12, 81 (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 pre-requisite for the cell to migrate 

towards 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 pre-treated primary human T cells for 30min with either 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. Pre-treatment with CCL19 strongly 

desensitized CCR7 as the chemotactic response of the T cells was significantly reduced (Fig. 

3E), confirming a previous study81. CCL21 pre-treatment resulted in T cell desensitization, 

most pronounced when cells migrated towards soluble CCL21 (Fig. 3E). However, T cell 

migration was not affected if cells were pre-treated with soluble CCL21, although soluble 

CCL21 induced receptor internalization (Fig. 3E). 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 suggests 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 DCs11) creates a new form of chemokine with 

unique biological 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 (Fig. S2D). Therefore, we excluded our hypothesis that 

the negative charges provided by receptor glycosylation redirect the chemokines into the 

binding groove. 
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Figure 3. Soluble CCL21 a new 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 graded amount of purified CCL21 or soluble CCL21 was 
determined by TranswellTM chemotaxis assays. Mean values and SD from four 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-1β, IL-6, TNFα) for 48h in the presence of PGE2 to induce CCR7 expression. Fluo-3 loaded MoDCs 
were stimulated with 0.5µg/ml of chemokines and changes in intracellular calcium concentrations 
were recorded by flow cytometry. Depicted is one experiment out of four 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 0.5μg/ml CCL19, CCL21 or soluble CCL21, lyzed and 
ERK1/2 phosphorylation determined by Western blotting. One out of four individual donors is 
depicted. (D) Soluble CCL21 promotes CCR7 receptor endocytosis. HEK293 cells stably transfected 
with SS Strep Ha CCR7 were stimulated with either CCL19, CCL21 or soluble CCL21 for 30min at 37°C 
and receptor endocytosis was determined by antibody feeding in confocal microscopy. 3D 
reconstruction of 0.13µm confocal stacks and subsequent analysis of endocytic vesicles was 
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performed using Imaris. Plasma membrane CCR7 is stained in red, while endocytosed CCR7 is 
visualized in green. Micrograph derived from four independent experiments. Scale bar: 10µm. 
Quantification of endocytic dots is represented as box and whisker blot. *** p< 0.001 (ANOVA with 
Tukey post test). (E) Soluble CCL21 does not induce receptor desensitization. Primary human T cells 
were isolated from healthy donors and pretreated with 0.5μg/ml of either CCL19, CCL21 or soluble 
CCL21 for 30min. Specific cell migration in response to 0.5μg/ml CCL19, CCL21 or soluble CCL21 was 
determined by TranswellTM chemotaxis assays. Mean values and SD from four independent 
experiments of individual donors are shown. * p< 0.05 , ** p< 0.01 (ANOVA with Dunnett post test). 

 

Figure S2. De-glycosylation of CCR7 increases CCR7 mediated signaling and migration 
(A) Surface expression of CCR7 on 300-19 cells expressing CCR7 glycosylation mutants. CCR7 is 
indicated as tinted light grey, N36A in black line, N292 in dashed black line and N36AN292 mutant in 
pointed black line. Isotype control in tinted dark grey. One out of three experiments with similar 
outcomes is shown. (B) Mutation of glycosylated residues of CCR7 enhances 3D cell migration 
through Matrigel. Specific migration of 300-19 CCR7 transfectants in response to 0.5µg/ml CCL19 or 
CCL21 was determined through 3D Matrigel TranswellTM chemotaxis assays. Mean values and SEM 
from ten independent experiments are shown. (C) De-glycosylation of CCR7 enhances soluble CCL21 
mediated ERK1/2 activation. HEK293 transfected with CCR7, CCR7 N292A or CCR7 N36AN292A were 
stimulated for indicated time points with 0.5μg/ml soluble CCL21, lysed and ERK1/2 phosphorylation 
determined by Western blotting. One experiments out of four with similar outcomes is depicted. (D) 
Enhanced CCL19 binding to de-glycosylated CCR7. 300-19 cells expressing CCR7 or glycosylation 
mutants were incubated at 4°C (to prevent endocytosis) with increasing concentrations of CCL19-Fc. 
Cells were extensively washed at 4°C and CCL19-Fc binding determined using flow cytometry. Mean 
values and SD from eight independent experiments are shown. (ANOVA with Tukey post test. 
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CCR7 glycosylation mutants demonstrate increased receptor signaling and enhanced 

migration 

To decipher the functional role of glycosylation, we next generated lymphocytic cell lines 

expressing either wild-type 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 to wild-type 

CCR7, both in a 2D (Fig. 4A) and a 3D setting (Fig. S2B). 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 further characterize this phenomenon, we let cells, expressing either wild-type CCR7 or 

glycosylation defective CCR7 mutants, migrate towards graded concentrations of CCL19 (Fig. 

4B). As expected, we observed an increase in cell migration of CCR7 N292A over a wide 

range of 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 towards low CCL19 concentrations and the response 

converged with the response curve of wild-type CCR7 at higher CCL19 concentrations (Fig. 

4B). To substantiate this finding we de-glycosylated CCR7, by treating primary human T cells 

with PNGaseF, prior to assessing their migratory capacity. Notably, PNGaseF treated T cells 

migrated more readily towards CCR7 ligands (Fig. 4C) and the increase in migration was most 

pronounced for soluble CCL21 (Fig. 4C). 

Next, we determined CCL19-induced calcium mobilization in wild-type CCR7 and its 

glycosylation defective mutants, and found that mutating either one or both glycosylation 

sites of CCR7 resulted in prolonged Ca2+ mobilization (Fig. 4D). Therefore, we next asked 

whether such a sustained signaling is also manifested in ERK1/2 activation. To test this, we 

stimulated HEK293 cells stably expressing wild-type CCR7 or CCR7 glycosylation mutants 

with either CCL19 (Fig. 3E), CCL21 (Fig. 3F), or soluble CCL21 (Fig. S2C). In line with our 

previous observations, we found that stimulation of glycosylation defective CCR7 resulted in 

a more robust and prolonged ERK1/2 phosphorylation. Taken together, we demonstrated 

that de-glycosylation of CCR7 enhanced migration, due to 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 
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gatekeeper to regulate the access of chemokines as well as to prevent chemokine 

dissociation after entering into the binding pocket. 

Figure 4. Deglycosylation of CCR7 increases CCR7 mediated signaling and migration. (A) 
Mutation of glycosylated residues of CCR7 enhances cell migration. Specific cell migration of 300-19 
CCR7 transfectants in response to 0.5µg/ml CCL19 or CCL21 was determined by TranswellTM 
chemotaxis assays. Mean values and SEM from ten 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 the indicated concentrations of CCL19 
was determined by TranswellTM chemotaxis assays. Mean values and SEM from seven independent 
experiments are shown. * p<0.05 (ANOVA with Tukey post test). (C) De-glycosylation of primary T 
cells enhances CCR7-driven migration. Specific migration of freshly isolated CD3+ T cells pre-treated 
with 5μg/ml PNGaseF for 1h in response to the indicated concentration of CCL19, CCL21 or soluble 
CCL21 was determined by TranswellTM chemotaxis assays. Mean values and SD from four 
independent experiments are shown. Lines represent non-linear fit. (D) De-glycosylation of CCR7 
prolong chemokine mediated intracellular Ca2+ mobilization. Changes in intracellular calcium 
concentrations of Fluo-3-loaded 300-19 CCR7 transfectants in response to 0.5µg/ml CCL19 were 
recorded by flow cytometry. One experiment out of three with similar outcomes is depicted. (E) De-
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glycosylation of CCR7 enhances chemokine mediated ERK1/2 activation. HEK293 transfected with 
CCR7, CCR7 N292A or CCR7 N36AN292A were starved for 2h and subsequently stimulated for 
indicated time points with 0.5μg/ml CCL19 or CCL21, lyzed and ERK1/2 phosphorylation determined 
by Western blotting. One experiment out of four with similar outcomes is depicted. 

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 pre-treated cell lines expressing CCR7 or its 

glycosylation-defective mutants with CCL19 and CCL21, removed excess of chemokines and 

allowed cells to migrate towards 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 wild-type and glycosylation-

defective CCR7 receptors. Of note, the endocytosis rate of CCR7 N36A was significantly 

reduced by about 80%, whereas CCR7 N292A behaved similarly to wild-type CCR7 (Fig. 5B). 

Thus, we concluded that glycosylation on position N36 in the N-terminus of CCR7, similar to 

glycosylation of N30 on S1P1 receptor301, is predominantly necessary for CCR7 endocytosis. 
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Figure 5. Mutation of Asn36 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 0.5μg/ml of either CCL19 or CCL21 for 30min and washed. 
Specific cell migration in response to 0.5μg/ml CCL19 or CCL21 or was determined by TranswellTM 
chemotaxis assays. Mean values and SD from six independent experiments are shown. (B) Mutation 
of Asn36 to alanine in CCR7 inhibits CCL19-mediated CCR7 endocytosis. HEK293 CCR7 transfectants 
were stimulated with CCL19 for 30min at 37°C and receptor endocytosis was determined by antibody 
feeding in confocal microscopy. 3D reconstruction of 0.13μm confocal stacks and subsequent 
analysis of endocytic vesicles was performed using Imaris. Plasma membrane CCR7 is stained in red, 
while endocytosed CCR7 is visualized in green. Micrograph derived from four independent 
experiments. Scale bar: 10μm. Quantification of endocytic dots is represented as box and whisker 
blot. *** p< 0.001 (ANOVA with Tukey post test). 

Imprinting of T cell responsiveness towards CCR7 ligands boosts CCR7 migration and T cell 

- DC interaction 

The major role of CCL21 and CCL19 is to bring antigen-presenting DCs and cognate T cells 

into close contact. Because 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 

because DCs were found to modulate the intranodal dwell time11, we wondered whether 

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 
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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 10kDa to exclude the 

contribution of peptides and cytokines. Then, we incubated primary human T cells with the 

supernatants of immature and mature human MoDCs prior to subjecting the T cells to 

chemotaxis assays. Of note, treating T cells with the supernatant of mature MoDCs, but not 

of 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 CCR7-driven T cell migration (Fig. 6B). To verify the de-glycosylation 

activity of the supernatants derived from mature MoDCs, we treated HEK293 cell stably 

expressing tagged CCR7 with the MoDC supernatants. The supernatant derived from mature, 

but not of immature MoDCs decreased the molecular weight of CCR7 in SDS-PAGE (Fig. 6C). 

Furthermore, addition of glycosidase inhibitors prevented CCR7-de-glycosylation (Fig. 6C) 

providing evidence that mature MoDCs secrete a de-glycosylating enzyme. Finally, we 

assessed whether the MoDC-derived glycosidase is able to boost the T cell scanning process 

resulting in increased T cell proliferation. Therefore, we decided to perform mixed 

lymphocyte reactions with CFSE-labeled primary human T cells and MoDCs from different 

donors in the presence of supernatants derived of either 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 scanning process, resulting in enhanced T cell proliferation. 
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Figure 6. DC-driven de-glycosylation enhances CCR7-mediated T cell migration and 
scanning process. (A) Mature DC SN boosts CCR7 mediated T cell migration. Specific migration of 
freshly isolated CD3+ cells pre-treated with either immature MoDC SN medium (line) or mature 
MoDC SN medium (dashed line) for 2h in response to indicated concentration of CCL19 (black), 
CCL21 (green) or soluble CCL21 (red) was determined by TranswellTM chemotaxis assays. Mean values 
and SD from five independent experiments of individual donors are shown. Lines represent non-
linear fit. (B) DC-derived glycosidase accounts for elevated CCR7-mediated T cell migration. Specific 
migration of freshly isolated CD3+ cells pre-treated with either immature MoDC SN medium or 
mature MoDC SN medium for 2h in the presence or absence of glycosidase inhibitor mix (0.25 mg/ml 
Deoxynojrimycin, 0.25mg/ml Castanospermine) in response to 0.5μg/ml CCL19, CCL21 or soluble 
CCL21 was determined by TranswellTM chemotaxis assays. Mean values and SD from seven 
independent experiments of individual donors are shown. * p< 0.05 , ** p< 0.01 (ANOVA with 
Dunnett post test) (C) CCR7 is de-glycosylated upon incubation with mature MoDC SN. HEK293 cells 
stably transfected with Strep HA CCR7 were either treated for 2h with 5μg/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, 0.25mg/ml Castanospermine) 
or left untreated. Cells were lyzed and CCR7 was immunoprecipitated using an anti-HA antibody. The 
molecular weight of CCR7 was determined by Western blotting. Depicted is one experiment out of 
four. (D) Mature MoDC SN enhances T cell proliferation in a mixed lymphocyte reaction. Freshly 
isolated, blood derived CD3+ T cells were labeled with CFSE and incubated with allogeneic human 
MoDCs in either immature MoDC SN medium or mature MoDC SN medium for 4 days. T cell 
proliferation was analyzed by flow cytometry. One experiment out of four from individual donors is 
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depicted. (E) Schematic representation of how DCs process CCL21 and CCR7 glycosylation to shape T 
cell responses. 

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. Although it is 

widely accepted that glycans play a pivotal role in inflammatory responses, it remains largely 

unclear how glycans and their rapid changes in response to inflammatory cues contribute to 

the overall immune response. 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. To efficiently tackle pathogenic invaders 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, together with 

critical information about the context of pathogen encountering, to T and B cells. Lymph 

node homing of both T cells and antigen-experienced DCs relies on the chemokine receptor 

CCR7 and its two ligands, CCL19 and CCL21. Herein we show that sialylation shapes the 

various functions of CCR7. In fact, CCR7 sialylation acts as a swinging door providing steric 

hindrance, thereby rendering the receptor less efficient at low chemokine concentrations. 

We show that freshly isolated human blood-derived CD19+ B cells and in vitro expanded T 

cells express high amounts of sialylated CCR7, whereas CCR7 sialylation can hardly be 

detected on naïve T cells. Moreover, we demonstrate that DCs secrete an enzyme which de-

glycosylates CCR7 on T cells, thereby enhancing receptor potency and simultaneously 

increases its signaling ability while inhibiting receptor endocytosis, which finally results in 

enhanced T cell proliferation. 

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 CCL19267 and proteolytically processing immobilized CCL2111. Both soluble 

chemokines are able to internalize CCR7, therefore rendering the cells progressively less 

responsive and thus capable of discern 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 
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the dose-response such, that higher ligand concentration is needed to trigger the same 

magnitude of chemotactic response. T cells having reached their final destination, namely 

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 cell 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 life-span as well as that of neighboring cells by modulating the expression 

patterns of sialyltransferases and sialidases, resulting in an increase of α2,3-sialylation and a 

decrease of α2,6-sialylation277-280. The herein presented 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. Similarly, it has previously been suggested 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 

tissues303. 

Consistent with the finding that DCs can down-modulate CCR7 glycosylation, we 

observed only limited amounts of sialylated CCR7 on naïve, recirculating T cells, whereas in 

vitro expanded, activated T cells expressed highly sialylated CCR7. Thus, modulation of CCR7 

glycosylation on T cells by DCs in order to modulate chemotactic responses could be seen in 

a larger context and points towards a more general ability of DCs to shape T cell migration. 

From a cell biological perspective, CCR7 de-glycosylation 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 influences intranodal positioning and also dwell times of T cells and DCs. In 

order for a rare antigen-specific T cells to find its cognate antigen-presenting DC, it is well 

accepted that the T cells modulate their velocity 304. 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 proteolytically process CCL21 to generate its soluble form and by 

de-glycosylating CCR7 on T cells conjointly resulting in an elevated scanning potential and 

enhanced T cell proliferation. The advantages of de-glycosylated CCR7 which is most potent 

at lower chemokine concentrations might also be relevant in reactive lymph nodes, where 
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stroma cells produce far lower amounts of chemokines 174. 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 is transcriptionally down-regulated 174 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 

hours of infection, does not trigger T cell migration into B cell follicles305. 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 compartment305. Again, DCs are the key player in imprinting 

the cells to become follicular T helper cells, as DC-T cell interaction determines the balance 

between CCR7 and CXCR5 signaling306. While 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 

de-glycosylation of CCR7 and by rendering immobilized CCL21 soluble. 

The herein described down modulation of CCR7 sensitivity through glycosylation on 

Asp36 and Asp292 helps to resolve the dilemma of how B cells are directed towards their B 

cell zone, in spite or even because of their expression of CCR7. While T cells utilize and 

depend on CCR7 to home and migrate within secondary lymphoid organs, naïve 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 blood307-309. 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 CCR7310, 311, migration and positioning of B cells on FDC is highly dependent on 

CXCL13/CXCR5309. Hence, we observed a strong glycosylation of CCR7 on naïve 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 
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resulting in lymph node conditioning202, cleavage of CCL21 and secretion of glycosidases. 

Contemporaneously, activation of B cells via B cell receptors results in up-regulation of CCR7 

on a transcriptional level312, 313, but on the other hand CCR7 de-glycosylation 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 

border312.  

Materials and Methods 

Materials 

Recombinant human CCL19 and CCL21 were purchased from PeproTech. Antibodies from the 
following sources were used: monoclonal anti-HA-HRP (clone HA7) (Sigma-Aldrich); POD-Streptavidin 
(Jackson ImmunoResearch), anti-CCR7 used in PLA (clone CCR7.6B3, LifeSpan Biosciences); anti-Biotin 
used in PLA (Bethyl Labroratories) and anti-CCR7-APC, mouse IgG2A isotype control (R&D systems). 
Glucosidase inhibitors (Deoxynojirimycin, Castanospermine) were purchased from Enzo Life Science. 

Construction of expression plasmids 

Cloning of pcDNA3-CCR7-EGFP has been described previously12. The pRB-SS-HA-Strep-CCR7 
construct was a kind gift of Dualsystems Biotech (Schlieren, Switzerland). It N-terminally contains the 
25 amino acid (aa) signal 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 sub-cloned this 
CCR7 construct into pcDNA3 harboring a C-terminal linker sequence and the YFP1 part of the split 
YFP system214 by PCR, using custom designed primers from Microsynth (5`-GAA TGA ATT CGG CCG 
CTC GAG ACC ATG AA and 5`-CTA TAT CGA TTG GGG AGA AGG TGG TGG TG). Site directed 
mutagenesis was performed using the QuickChange II site directed mutagenesis kit (Agilent) 
following the manufacturer’s instructions using primers from Microsynth (N36A 5`-GAC GAT TAC ATC 
GGA GAC GCC ACC ACA GTG GAC TAC AC and 5`-GTG TAG TCC ACT GTG GTG GCG TCT CCG ATG TAA 
TCG TC; N292A 5`-GAC GGT GGC CAA CTT CGC CAT CAC CAG TAG CAC C and 5`-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 sub-cloned into pET-6His-SUMO by PCR using custom made primer-pairs from 
Microsynth (CCL21 5`-CCA GTG GGT CTC AGG TGG TAG TGA TGG AGG GGC TCA GGA CTG TTG C and 
5`-CCGCTC GAG CGG CTA TGG CCC TTT AGG GGT CTG TG; soluble CCL21 5`-GAC ACC ATC CCC ACA 
GGA CTA CAA GGA CGA CG and 5`-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). Monocytes were separated from PBLs 
using anti-CD14-conjugated microbeads (Miltenyi). Monocytes (2x106 cells/ml) were then 
differentiated to immature MoDCs in serum-free AIM-V (Gibco), supplemented with 50ng/ml IL-4 
and 50ng/ml GM-CSF (PeproTech) as previously described96. On day 6 immature MoDCs were 
harvested and matured for 2 days in IL-4/GM-CSF-containing medium by adding the cytokine cocktail 
comprising 20ng/ml TNFα, 20ng/ml IL-6 and 10ng/ml IL-1β (PeproTech) in the presence or absence of 
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1μg/ml PGE2 (Cayman). Untouched naïve CD4+ T cells were isolated from PBLs by negative selection 
using the naïve CD4+ T cell isolation kit II (Miltenyi). PBLs and CD3+ sorted (Miltenyi) T cells were 
cultured in RPMI-1640 medium supplemented with 2% human AB serum (Lonza). Where indicated, 
CD45RO+ T cells were isolated from PBLs. Effector T cells were obtained by culturing CD3+ sorted cells 
for 7 days on anti-CD3/anti-CD28 coated dishes as described165. 

CD19+ B cells were isolated from PBLs by positive selection (Milteny) and cultured in RPMI-1640 
medium supplemented with 2% human AB serum (Lonza). Human epithelial kidney 293 (HEK293) 
cells and stable HEK293 (mutant) CCR7 transfectants were grown and maintained in Dulbecco’s 
modified Eagle’s medium containing 10% FCS (Lonza). HEK293 cells were transiently transfected by 
TransIT-LT1 (MirusBio), according to the manufacturer’s protocol. 

300-19 pre B cells were stably transfected with CCR7 constructs as described12, 314 and cultured in 
RPMI-1640 medium supplemented with 10% FCS, 1% non-essential amino-acids and 0.5% β-
mercaptoethanol (Lonza). 

Production of recombinant chemokine 

The production of CCL21 and soluble CCL21 has been described previously11. Briefly, human 
mature full-length (aa 24-134) and C-terminally truncated CCL21 (aa 24-98) in pET-6his-SUMO-1 were 
transformed into E. coli B834(DE3)pLysS (Novagen), disrupted using a french press (Constant Systems 
Ltd.), supernatants were loaded on a HisTrap HP column (GE Healthcare), washed and bound 
proteins were eluted with PBS containing 500mM imidazole using an AKTA Explorer chromatography 
system (Amersham Biosciences). Eluted fractions were digested with a C-terminal his-tagged Ubl-
specific protease 1 (ULP1) at 4°C followed by purification of the cleaved chemokines in a Zn2+ charged 
HiTrap IMAC FF column (GE Healthcare) and optional gel filtration (HiPrep Sephacryl S-200, GE 
Healthcare). 

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 1h. Starved cells were 
pulsed with monoclonal anti-HA antibody (clone HA7 Sigma-Aldrich) for 1h at 4°C in HEPES-buffered 
medium (DMEM, 25mM HEPES, 0.5% BSA, pH 7.4) and extensively washed. Subsequently, cells were 
stimulated with either 0.5μg/ml CCL19, 0.5μg/ml CCL21 or 0.5μg/ml soluble CCL21 for 20min at 37°C 
and fixed in 4% formaldehyde. Slides were blocked using 3% BSA in PBS and stained with 
AlexaFluor568 labeled secondary antibodies (Life Technologies). After extensive washing, cells were 
permeabilized using 0.5% saponin followed by incubation with AlexaFluor488 labeled secondary 
antibodies (Life Technologies). Slides were mounted using polyvinyl alcohol mounting medium with 
DABCO (Sigma-Aldrich). Confocal images were acquired on a Leica TCS SP5 II laser scanning confocal 
microscope using a 63x/1.4 NA oil-immersion objective (Leica). Quantification of endocytic dots was 
performed using confocal stacks of 0.13µm thickness and the Imaris plug-in for automatic detection 
of vesicles and Imaris Vantage. 

Migration assays 

Cell migration on a 2D substrate was assessed in the 24-well TranswellTM Systems and 

polycarbonate filters with a pore size of 5m (Corning Costar). Briefly, 1x105 cells were allowed to 
migrate for 3h to the lower compartment containing graded concentrations of either CCL19, CCL21 
or soluble CCL21. Where indicated, cells were pre-treated for 1h with either 5μg/ml of purified 
PNGaseF315 or for 30min with concentrated supernatants derived from MoDC cultures (see below). 
For CCR7 desensitization experiments, cells were pre-incubated with 0.5μg/ml of 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. 
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For 3D migration, 3x105cells in 200μl medium were supplemented with 40μl Matrigel (BD 

Biosciences) and seeded on top of 5m TranswellsTM. The matrix was polymerized for 10min at 37°C 
and cells were allowed to migrate for 3h through the matrix into the lower compartment. 

Ca2+ mobilization experiments 

Chemokine-mediated changes in intracellular free Ca2+ concentration were recorded as 
described314. MoDCs matured in the presence of PGE2 or 300-19 cells stably expressing variants of 
CCR7 (106 cells/ml in 145mM NaCl, 5mM KCl, 1mM Na2HPO4, 1mM MgCl2, 5mM glucose, 1mM CaCl2, 
10mM HEPES, pH 7.5) were loaded with 1.5µl/ml Fluo-3/AM (4mM in DMSO) for 30min at 37°C. 
Samples were divided into 500µl aliquots and changes in the fluorescence of Fluo-3 in response to 
0.5µg/ml of chemokines or 0.02µg/ml ionomycin were acquired for a period of 200sec on an LSRII 
flow cytometer (BD Biosciences). 

Generation of MoDC supernatants 

Supernatants of either immature MoDCs or MoDCs matured in the presence of PGE2 derived 
from up to 20 donors (a total of 200ml) were concentrated to 20ml using centricons and dialyzed 
twice against 5l PBS in a 10kD cut off Slide-A-Lyzer Dialysis Cassette (Thermo-Scientific) for 3 days. 
Dialyzed and concentrated supernatants were supplemented with 5% glycerol and stored at -80°C. 
Before use, supernatants were diluted with 10x MEM (Sigma-Aldrich) to obtain immature or mature 
MoDC supernatant medium. 

Mixed lymphocyte reaction 

Purified human untouched CD3+ T cells were labeled with Vybrant CFDA-SE (Molecular Probes) 
according to manufacturer’s protocol. Three replicates of 4x105 labeled T cells were seeded in 0.1ml 
of MoDC SN in 96-well plates. Subsequently, 2x105 MoDCs in 0.1ml MoDC SN were added and 
incubated for 4 days at 37°C. T cell proliferation was analyzed by means of CFDA-dilution on an LSR II 
flow cytometer (BD Biosciences). 

Determining CCR7 glycosylation by metabolic labeling 

The synthesis of Ac4ManNCyoc, Ac4GalNCyoc or Ac4GlcNCyoc has been described elsewhere293, 

294. Primary human PBLs or HEK293 stably expressing CCR7 or glycosylation mutants thereof were 
pre-incubated for 48h with either 50μM Ac4ManNCyoc, Ac4GalNCyoc or Ac4GlcNCyoc and 
subsequently labeled with 100μM tetrazin-biotin in the presence or absence of 5μg/ml purified 
PNGaseF. Cells were lysed in 10mM Tris-HCl, 150mM NaCl, 2mM MgCl2, 10% glycerol, 0.4% N-
dodecyl maltoside, supplemented with proteinase- and phosphatase-inhibitor mix (Roche), pH7.5) 
and HA-tagged CCR7 was immuno-precipitated using anti-HA-agarose (Sigma-Aldrich). The immuno-
precipitated 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® proximity ligation assay (PLA; Sigma-Aldrich) following the manufacturer's instructions. 
Briefly, Ac4ManNCyoc 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 2h. Slides were washed and secondary antibodies 
harboring short nucleotide sequences diluted 1:5 in antibody diluent were added for 1h at 37°C. 
Oligonucleotides were ligated at 37°C and rolling circle PCR with fluorescent nucleotides was 
performed for 2h. Slides were washed and mounted. PLA was visualized using a Leica TCS SP5 II laser 
scanning confocal microscope using a 63x/1.4 NA oil-immersion objective (Leica). 3D reconstitution 
was performed by Imaris using confocal images of 0.13µm thickness. 



Chapter 5: CCR7 purinergic signal relay 

 

 
128 

Chemokine-mediated ERK1/2 activation 

1x106 PBLs or HEK293 cells expressing CCR7 mutants were starved for 2h with medium 
containing 0.5% serum before they were stimulated with 0.5µg/ml CCL19, CCL21 or soluble CCL21 for 
indicated lengths of time. Cells were subsequently lysed in 50mM Tris-HCl pH 7.4, 1% NP-40, 10mM 
EDTA, 100mM NaCl, 0.1% SDS, 1mM Na3VO4, 1mM NaF, and a proteinase and phosphatase inhibitor 
mixture (Roche). Cell lysates were resolved and SDS-PAGE and Western blot analysis was 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 β2-adrenergic receptor were aligned. The 
structure of the β2-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 gylcosylated 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 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 Chimera226.  

Statistical evaluation 

Significant differences between groups were assessed using ANOVA either with a Tukey or a 
Dunnett post-test using GraphPad Prism 6. *p<0.05, ** p<0.01, ***p<0.001. 
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Dendritic cells (DCs) are professional antigen presenting cells, residing and 

surveying the periphery for potential intruders. Upon encountering, a haptotactic 

CCL21 gradient guides DC migration from the perilymphatic interstitium to the 

lymphatic capillaries. We found that human DCs release adenosine triphosphate (ATP) 

to amplify synergistically CCR7-dependent signals through P2Y11 nucleotide receptors 

to persist directional migration in the continuous presence of CCR7 ligands. Released 

ATP is rapidly hydrolysed by DCs to generate CD73 borne adenosine. Adenosine is 

acting via polarized A2a-type adenosine receptors to shut down CCR7 mediated 

intracellular responses, setting the stage for rapid repeated signaling. The CCR7 signal 

relay machinery is not only functionally cooperating but interacts also physically to 

build up customized multi-protein complexes, tailored to cell specific requirements. 

Finally, we corroborate the concept of a human specific CCR7 purinergic amplification 

loop, by reconstituting P2Y11 in mouse cells, thereby elevating CCR7-driven 

directional migration 
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Introduction 

Secondary lymphoid organs, e.g. lymph nodes, are the centers of leukocyte trafficking 

and provide structural platforms for the transfer of information between cells of innate and 

adaptive immune repertoires. Lymph nodes, as well as the cells that transfer the 

information, have evolved to optimize the likelihood that rare antigen specific lymphocytes 

encounter the cognate processed and presented antigen in the appropriate context. 

Dendritic cells (DCs) are professional antigen-presenting cells that sample the periphery and, 

upon exposure to infection or inflammatory stimuli, upregulate the chemokine receptor 

CCR7 which allows them to sense and home towards CCR7 ligand-secreting lymphatic vessels 

and lymph nodes where they present peripherally acquired antigens to naive T cells86, 94. The 

two known ligands for CCR7 are the C-C chemokines CCL21 and CCL19; both are secreted by 

stromal cells in the lymph node paracortex and CCL21, but not CCL19, is also expressed by 

the endothelium of lymphatic vessels in the periphery9, 267. To guarantee the maximum 

success of initiation of adaptive responses, our body developed highly regulated concepts to 

ensure cell to cell communication and right positioning. For instance, fibroblastic reticular 

cells (FRCs) in the lymph nodes serve as 3D scaffolds decorated with CCL21 and adhesion 

molecules, where T cells and DCs migrate along to query a vast number of each other along 

their path117-119. Interestingly, the migration on the tracks lack any directional bias, resulting 

in a swarming migration pattern within segregated compartments316. Importantly, in vivo 

two-photon microscopy studies reported that in all situations in which either CCR7 or its 

ligands were missing, cells migrated with reduced directionality and velocity154, 159, 160, 

suggesting that CCR7 ligands might not only serve as tracks in a tight network but also 

provide directionality cues. The concept that chemokines work in vivo as a haptotactic 

framework is tempting as an immobilized and therefore static chemokine field is insensitive 

against convective flows, turbulences and mechanical perturbations that are usually present 

in vivo11. In fact, recently it was proven that CCL21 forms a haptotactic gradient from depots 

within lymphatic endothelial cells steeply decaying within the perilymphatic interstitium of 

mouse ear sheets97.  Further, DCs were guided by this CCL21 haptotactic scaffold and 

directionally approached vessels from a distance of up to 90-micrometers97. Moreover, it 

was shown that the directional information is stored in the active immobilized CCL21 

gradient in the dermis and DCs are able to read this guidance cues independent of soluble 
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chemokine factors97. Thus, it is highly possible that preformed anatomical scaffolds can 

instruct cells with distinct motility programs to navigate in the interstitial and lymphatic 

space. However, such a deterministic migration concept does not sufficiently explain 

behavior like in vivo long-range directional cues107, 317-321, DC swarming11 and does not allow 

for fast spatiotemporal regulation.  

Another well-established cell to cell communication system, in addition to proteinergic 

cytokines and chemokines, is the purinergic signaling system. Different cell types express 

distinct sets of the purinergic signaling machinery that allows the formation of customized 

multi-factorial purinergic signaling complexes. These complexes allow cells to transmit and 

integrate unique responses to adenosine-triphosphate (ATP), adenosine and other 

purinergic components. The importance of purinergic signaling as autocrine amplification 

mechanism322-324 and as a paracrine mechanism of intercellular communication among 

immune cells has been widely recognized325. For instance, neutrophils that need to detect 

trace amounts of chemoattractants that help them navigate and migrate to sites of infection 

and inflammation, release ATP that triggers autocrine purinergic feedback loops, amplifying 

the weak stimuli that these cells receive during locomotion326. Further, T cells, that need to 

achieve the astonishingly difficult task of finding and recognizing cognate antigens presented 

by DCs, deploy also this sophisticated purinergic signal amplification system327-329. ATP, as 

the molecular currency that provides the energy for virtually all cellular processes, ranges in 

concentrations from 3-10mM intracellulary to lower than 1µM in plasma, under normal 

conditions322. Under both physiological and pathophysiological conditions, intracellular ATP 

is released to the extracellular space by (1) apoptotic or necrotic cells –serving as a find me 

signal (2) by exocytosis of hormone containing vesicles (3) through nucleotide-permeable 

channels involving stretch-activated channels, voltage-dependent anion channels, 

Connexin/pannexin hemichannels, maxi-anion channels, P2X7 receptors and (4) via 

lysosomes (5) or vesicles that are regularly trafficked to the plasma membrane330-333. 

Following its release into the extracellular space, ATP can trigger signaling cascades through 

specialized ATP receptors of the P2X or P2Y subtype. P2X receptors function as ATP-gated 

ion channels that facilitate the influx of extracellular cations, whereas P2Y receptors belong 

to the class of G-protein coupled receptors (GPCR) and are typically coupled to Gi/o or 

Gq/11
334. In order to terminate P2 receptor activation, to prevent receptor desensitization 
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and setting the stage for rapid repeated signaling, ATP is sequentially converted into ADP 

and AMP by CD39 ectonucleotidasic activity335 and AMP is then converted into adenosine 

and phosphate through CD73336. Besides on blood vessels337, CD73 is also expressed on 

subpopulations of lymphocytes including regulatory T cells338 and lymph node circulating 

CD8+ T cells and CD19+ B cells339. Importantly, lymphocyte expressed CD73 plays an essential 

role in lymphocyte migration into draining lymph nodes340. Although, CD73 on endothelial 

cells and lymphocytes are structurally similar, engagement of lymphocyte, but not 

endothelial CD73, results in activation of LFA-1 and an increase in cell adhesion341. In 

addition to lymphocytes, CD73 has been shown to be expressed in afferent but not efferent 

human lymphatic endothelial cells; unlike to mice where only occasional afferent lymphatic 

vessels were CD73 positive340. To corroborate this notion, previous studies reported 

abundant expression of 5`nucleotidase activity in human lymphatic vessels342, envisioning a 

species-dependent role of CD73 in finely tune the adenosine microenvironment differently 

in afferent and efferent lymphatics and thereby contributing to cell homing. Along this line, 

in lymph nodes the subcapsular sinuses were brightly CD73 positive, whereas the lymphatic 

sinuses, which are the exit sites for lymphocytes in the lymph nodes, were CD73 negative340. 

CD73 borne adenosine, the ligand of P1 receptors, has shown to be profoundly anti-

inflammatory343.  P1 receptors are GPCRs that can be subcategorized into A2a and A2b 

receptors that couple to stimulatory G proteins (Gs) and typically suppress cell responses by 

upregulating intracellular cyclic AMP levels, while A1 and A3 receptors exert their signals 

through Gi/o Gq/11 to promote cell activation. Adenosine produced by CD73 activity plays a 

pivotal part in autocrine functional loops and have been shown to be important for 

continuously regulating inflammation and fine tune micro milieus to contribute to the extent 

and duration of immune responses344. 

A key feature of antigen experienced dendritic cells is their ability to sense and follow a 

concentration gradient of CCR7 ligands, in order to reach secondary lymphoid organs and 

activate naïve T cells. In 3D dendritic cells can respond to CCR7 ligand gradients as small as 

0.4% difference in ligand concentration345. To accomplish this astonishing task, we 

hypothesize that there is a functional amplification loop. Therefore, we searched for 

mechanisms that facilitate gradient sensing by activating multiple receptors that help to 

regulate and persist directional steering in a continuous chemokine gradient. 



Chapter 5: CCR7 purinergic signal relay 

 

 
133 

In contrast to mouse back skin and mouse ear, we herein showed a shallow CCL21 

gradient on human skin lymphatics accompanied with bright expression of the 5` 

nucleotidase CD73. We identified a human specific purinergic amplification loop, comprising 

of P2Y11 and A2a, which amplified CCR7 intracellular signaling, necessary for maintaining 

CCR7-dependent directional steering. We deciphered the underlying molecular mechanism, 

by demonstrating hetero-oligomerization of multi-protein purinergic signaling complexes 

consisting of A2a, P2Y11, CCR7 and pannexin1. Further, we showed a pannexin and ATP-

vesicle dependent CCR7 mediated ATP release that was rapidly hydrolysed. ATP was acting 

on P2Y11 to synergistically amplify CCR7 mediated Ca2+ responses, while adenosine 

triggering of A2a was shutting down the response to set stage for repetitive purinergic 

signaling. This concept was substantiated by reconstitution of mouse lymphocytes with 

human specific P2Y11, thereby boosting CCR7 mediated migration.  

Results 

Species-dependent differences in CCL21 gradients and CD73 expression 

DCs are professional antigen presenting cells that patrol and sample the periphery. 

Pathogen encountering follows a rapid and coordinated switch in chemokine receptor 

expression pattern on DCs, most prominently the induction of the chemokine receptor 

CCR794. Up-regulation of CCR7 permits the cells to sense the CCR7 ligands CCL19 and CCL21. 

Recently, it was visualized that CCL21 forms an immobilized gradient from depots within 

lymphatic endothelial cells steeply decaying within the perilymphatic interstitium of mouse 

ear sheets97. Independent of soluble chemokine factors, DCs were guided by the CCL21 

haptotactic scaffold to directionally approach vessels from a distance of up to 90-

micrometers97. In contrast to rodents, human skin is much deeper and the distances 

between adjacent lymph vessels are much broader346. Of note, in the apical dermis, DCs 

were found to predominantly localize in clusters in the interstitium, whereas in the deep 

dermis, DCs were predominantly perivascular, but all dermal DCs migrated into lymphatic 

vessels in human skin explants346. Therefore, we hypothesized that in human skin a CCL21 

gradient is peaking at lymphatic vessels and declining into the interstitium reaching the deep 

dermis. Therefore, a human CCL21 gradient has to be much broader in comparison to 

rodents, to provide guidance cues for dermal dendritic cells. To test this, we performed 3D 
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reconstructions of double immunofluorescence staining of snap frozen un-permeabilized 

sections of human skin, mouse back skin and mouse ear. As demonstrated for mouse ear97 

(Figure 1A), also in mouse back skin we observed a gradient of CCL21 peaking at lymphatic 

vessel endothelial hyaluronan receptor1 (Lyve-1) positive lymphatics and declining gradually 

into the surrounding interstitium (Figure 1A). In contrast, in human skin CCL21 was 

exclusively associated with lymphatic endothelial cells (Figure 1A), most pronounced as an 

intracellular punctuate CCL21 staining. Although, lymphatic endothelium of humans and 

rodents share many characteristics, they have also striking differences regarding their 

morphology, function and molecular profile347, 348. For instance, CD73 has been shown to be 

expressed in afferent but not efferent human lymphatic endothelial cells340. To test whether 

not only CCL21 but also CD73 is differentially expressed in human and mouse skin, we 

assessed the expression pattern of CCL21 and CD73 in human and mouse periphery. 3D 

reconstruction of triple immuno-fluorescence staining revealed that lymphatics in human 

skin lack broad CCL21 gradients but expressed brightly the 5`nucleotidase CD73 (Figure 1B). 

In line with this, previous studies reported an abundant expression of 5`nucleotidase activity 

in human lymphatic vessels342. Controversially, CD73 positive lymphatics in mouse back skin 

and ear sections were omitted from CCL21 gradients and vice versa (Figure 1B), suggesting 

an inter-species function of CD73.   

In mice, the lack of CD73 on lymphocytes decreased homing to draining lymph nodes, 

whereas CD73-deficient lymph vessels mediate lymphocyte trafficking as efficiently as wild-

type lymphatics340. To analyze whether lymph node homing of human DCs can also be 

dependent on CD73 expression we measured CD73 levels on mRNA and protein level during 

monocyte derived DC (moDC) maturation. Of note, we and others found that efficient DC 

migration requires a second signal provided by the pro-inflammatory mediator prostaglandin 

E2 (PGE2)95, 96. Besides up regulation of CCR7 on mRNA and protein level, moDCs increase 

their CD73 expression during maturation (Figure 1C,D) while expression of other 

ectonucleotidases remain unaltered. Noteworthy, not only lymphatics in the skin (Figure 1B) 

that guide DCs from the periphery to secondary lymphoid organ express CD73, but also 

subcapsular sinuses of lymph nodes were brightly CD73 positive, whereas the lymphatic 

sinuses, which are the exit sites for lymphocytes, were CD73 negative340. Taken together, we 

hypothesized that matured human DCs can overcome the lack of a broad haptotactic 
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scaffold around lymphatics by using a CD73-driven purinergic signaling amplification 

mechanism.  

Figure 1. Inter-species differences in CCL21 gradients and CD73 expression 
(A) CCL21 is immobilized as haptotactic scaffold in mouse back skin and human ear but not in 

human skin. Snap-frozen sections (thickness: 8μm) of normal human and mouse skin and mouse ear 
were co- stained for CCL21 and lymphatic vessel marker Lyve-1. One donor/mouse out of four is 
shown. (B) Human lymphatic vessels but not mouse lymphatic vessels are CD73+. Co-staining of CD73 
and CCL21 in section of normal mouse skin and ear. Snap-frozen sections of normal human skin were 
additionally stained with Lyve-1. One donor/mouse out of four with similar outcomes is shown. Co-
stainings were visualized using a Leica TCS SP5 II laser scanning confocal microscope using a 63x/1.4 
NA oil-immersion objective (Leica). 3D reconstitution was performed by Imaris using confocal images 
of 0.13µm thickness. Scale bar: 10µm. (C,D) Co-upregulation of CCR7 and the 5` nucelotidase CD73. 
Expression of CCR7 and Ecto-nucleotidases were monitored during moDC maturation in the presence 
or absence of PGE2 on mRNA level using quantitative real time PCR (C) or on protein level using 
adjusted cell lysates and western blotting (D). Expression of house-keeping genes were subtracted 
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from gene expression to calculate 2^(-Δ(Ct)) values. 2^(-Δ(Ct)) of immature moDCs were set to 1 to 
calculate fold induction. Depicted are values of 3 independent donors (C) and shown is one donor out 
of four.  

CCR7 ligand mediated release of intra-vesicular stored ATP 

DCs can respond to CCR7 ligand gradients that differ only 0.4% in concentration345. 

Because a strongly polarized distribution of intracellular signalling components is also 

observed in steep gradients, it is highly probable that CCR7 mediated chemotaxis involves a 

signal amplification mechanism. Having found that components of the autocrine purinergic 

feedback loop machinery are expressed in extremely swallow CCL21 gradients in the human 

skin (Figure 1B) and having shown that during maturation DCs upregulate CD73 (Figure 

1C,D), we were prompted to further investigate on a purinergic-driven amplification loop for 

CCR7 signaling. Membrane deformations initiated by osmotic or mechanical stress349, 350 or 

simply induced during neutrophil cell migration, trigger the release of intracellular ATP that 

initiates functional loops326. Because CCR7 ligands also trigger cell polarization, we analysed 

ATP release of ex vivo generated matured moDCs in response to CCR7 stimulation. CCR7 

activation rapidly and significantly doubled extracellular ATP concentration in bulk media 

(Figure 2A). In line with high CD73 levels (Figure 1D) matured moDCs completely hydrolysed 

their endogenous secreted ATP within 5 minutes after CCR7 stimulation (Figure 2A), setting 

the stage for rapid repeated purinergic signaling. To decipher the underlying mechanism of 

CCR7 mediated ATP release, we examined the effects of several inhibitors. ATP release is 

most prominently mediated via specialized maxi-anion channels and hemichannels, via anion 

transporter or via vesicles fusion. Pretreatment of matured moDCs with an inhibitor of 

pannexin hemichannels (CBX) significantly blocked CCR7 mediated ATP release (Figure 2B). 

In contrast, blockage of general maxi anion channels (GdCl3) and connexin hemichannels 

(18GA) did not significantly decrease CCR7 triggered ATP secretion (Figure S1A, S1B). 

Further, pre-treatment with anion-transporter inhibitors (FFA, glibenclamide) did not block 

ATP secretion into bulk media (Figure S2C, S2D), suggesting that CCR7 mediated ATP release 

is independent of nucleotide-permeable anion channels. In addition to pannexin 

hemichannels, CCR7 stimulation triggered exocytosis of cellular ATP via intra-vesicularly 

stored ATP shown by inhibition of ATP release via blockade of vesicular trafficking through 

brefeldinA (Figure 2B). ATP storage into vesicles is mediated via vacuolar ATPases, forming 

an electro-chemical gradient of protons across vesicle-membrane that serves as the driving- 
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Figure 2. CCR7 triggered release of intra-vesicular stored ATP 
 (A) ATP released in response to CCL19 was determined using bioluminescence. Human mature 

moDCs were stimulated for indicated time points with 0.5 μg/ml CCL19 and their ATP release into 
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bulk media was measured using ENLITEN ATP Assay. Data are from seven independent experiments 
of individual donors. (B) CCR7 mediated ATP release is blocked though inhibition of pannexin 
hemichannels and vesicular trafficking. Before ATP release in response to CCL19 was determined 
cells were pre-treated for 2h with Carbenoxolone (CBX) or BrefeldinA. Data are from five 
independent experiments of individual donors. (C) Extracellular ATP is taken up and stored intra 
cellular vesicles. Human mature moDCs were pulsed with 10μM of indicated ATP analoga and co-
stained with acidified vesicles. One donor of four with similar outcomes is depicted. Vesicles were 
visualized using a Leica TCS SP5 II laser scanning confocal microscope using a 63x/1.4 NA oil-
immersion objective (Leica). 3D reconstitution was performed by Imaris using confocal images of 
0.13µm thickness. Scale bar: 10µm. (D/E) Determination of molecular identity of ATP storage 
vesicles. Mature moDCs were incubated with 5 μM ATP-FRET probe STHA517 and amount of stored 
and hydrolysed ATP was determined by FRET acceptor bleaching. FRET efficiency was measured on a 
Leica TCS SP5 II confocal microscope by donor-recovery after acceptor photo-bleaching (AB) using 
the corresponding FRET-wizard of the Leica LSM software. Quantification of FRET efficiency on 
vesicles of 4 experiments using individual donors. (F/G) ATP containing vesicles are transported to 
the cell leading edge. Mature moDCs were pulsed for 1h with ATP analog MANT-ATP, washed and 
allowed to migrate through 3D matrigel towards 1μg/ml CCL19. Four experiments using four 
individual donors were analysed and percentage of cells with indicated localization of ATP containing 
vesicles are shown (G). MANT-ATP positive vesicles were monitored on an inverted Zeiss Axiovert 
200 microscope for a duration of 1h. Scale bar: 50µm. Mean +/- SEM (ANOVA with Tukey post test). 

 

force for ATP accumulation351. Inhibition of vesicular H+-ATPase via bafilomycinA, and 

therefore interference with ATP storage in vesicles, hampered CCR7-driven ATP exocytosis 

(Figure S1E). Thus, we clearly showed that human mature moDCs released ATP in response 

to CCR7 stimulation by plural mechanisms, including pannexin hemichannels and vesicular 

exocytosis. 

To get further insights into CCR7-driven vesicular exocytosis, we stained ATP-enriched 

vesicles in mature moDCs with the ATP analogue ATP STHA498 fluorescently labeled at the 

N6 position of ATP. Despite its Sulfo-Cy5 labeling, ATP was well tolerated and taken up by 

mature moDCs. Fluorescent vesicles were observed in vesicle clusters in the cytoplasm, 

already after 15 minutes of ATP addition (Figure 2C). Staining with a low pH-sensitive 

fluorescent probe, lyso-tracker, visualized that ATP enriched vesicles were also acidic (Figure 

2C). Analysis of the kinetics of ATP accumulated vesicles showed that moDCs had taken up 

and stored ATP in vesicles for at least 2h (Figure 2C). Moreover, we demonstrated that ATP 

modified on the ribose moiety (ATP SUE12), that induce minimal perturbation of nucleotide-

protein interactions, was even more efficiently taken up and stored in vesicles that were not 

only visible in cytoplasmic clusters but also found near cell membranes (Figure 2C). As single 

labeled ATP does not allow distinguishing between ATP derived species, for instance ADP, 

AMP and adenosine, we aimed to use the recently introduced doubly labeled ATP analogs.  
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Figure S1. Inhibition of vesicular H+-ATPase hampers CCL19 mediated ATP release 
Human mature moDCs were stimulated for indicated time points with 0.5 μg/ml CCL19 and their 

ATP release into bulk media was measured using ENLITEN ATP Assay. (A/B) CCR7 mediated ATP 
release is unaffected though inhibition of maxi-anion channels or connexin hemichannels. MoDCs 
were pre-treated for 2h with 100μM Gadolinium (III) chloride (GdCl3) or 10μM 18α-Glycyrrhetinic 
(18GA) (C/D) Inhibition of anion transporters does not affect CCL19 triggered ATP release. MoDCs 
were pre-treated for 2h with 10μM Flufenamic acid (FFA) or 100μM Glybenclamide (E) Defective 
vesicular storage of ATP inhibits CCR7 mediated ATP release. Before ATP release into bulk media was 
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measured moDCs were treated for 2h with 1 μM BafilomycinA. Data are from five independent 
experiments of individual donors. Mean +/- SEM (ANOVA with Tukey post test). 

 

Since these molecules are labeled with two fluorophores, namely at the N6 position of ATP 

and the γ-phosphate group, that can undergo Förster resonance energy transfer (FRET), we 

are able to determine the molecular identity of potential ATP enriched vesicles in human 

moDCs. Although the uptake of double labeled ATP in moDCs was limited, we observed ATP-

probe enriched vesicles after 15min of incubation (Figure 2D). Surprisingly, only 50% of the 

vesicles that rapidly arose were ATP positive, as manifested by a robust FRET signal, while 

the other 50% contained ATP hydrolysis products (Figure 2E). In contrast, 80% of the ATP-

probe positive vesicles that occurred after 1h incubation contained large amounts of ATP 

(Figure 2D,E). The amount of ATP, that is proportional to the FRET signal, remained constant 

over a 2h period (Figure 2D,E). Hence, we showed that human moDCs had taken up and 

stored ATP in acidified vesicles, that was initially hydrolysed, but once established, stable 

over an at least 2h time period.  

Because membrane deformation at the leading edge in a migrating neutrophil is the 

principle site of ATP release326, we hypothesized that ATP enriched vesicles are transported 

to the leading edge of migrating human moDCs. To test whether moDCs re-localized their 

ATP containing vesicles during CCR7-driven migration towards the leading edge, we pulsed 

moDCs for 1h with single fluorescent labeled ATP and let them migrate through a 3D 

environment towards a CCR7 ligand source (Figure 2F). During CCR7-driven directional 

steering in a complex 3D environment, a large number of mature moDCs (~80%) transported 

their ATP enriched vesicles to their front (Figure 2F,G), suggesting that also in human moDCs 

the leading edge is the principle site of chemoattractant mediated ATP release. Taken 

together, we showed that upon CCR7 triggering, human moDCs secreted ATP via pannexin 

hemichannels and ATP enriched vesicles, most prominent at the leading edge of a migrating 

cell. 
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Figure 3. Effect of exogenous ATP on CCR7-driven migration 
TranswellTM chemotaxis assays with moDCs or CD3+ T cells in upper wells separated from lower 

wells containing 0.5 μg/ml CCL19 or CCL21 by a polycarbonate membrane with 5 μm pore size were 
used to assess chemotaxis (A) Obscuring released ATP gradient through increasing exogenous ATP 
concentrations added to the lower well hampers CCR7 mediated migration of mature human moDCs. 
Mean values from six experiments with moDCs from individual donors. (B) Inhibition of CCR7-driven 
3D migration through matrigel of mature moDCs by increasing concentration of exogenous ATP 
added to the lower well. Data are from eight independent experiments of individual donors. (C) Cell 
type unspecific decrease of CCR7 mediated migration through obscuring endogenous ATP gradients 
through exogenous ATP. Effect of increasing ATP concentration on CCR7 triggered CD3+ T cell 
migration. Five independent experiments with different healthy donors. (D) Treatment with 
nonhydrolyzable ATP analog ATPγS decreases CCR7 mediated migration of human mature moDCs in 
a concentration dependent manner. Mean values from six experiments with moDCs from individual 
donors. (E) Not only exogenous ATP but also increasing exogenous adenosine concentrations added 
to the lower well is able to decrease concentration graded moDC migration towards CCR7 ligands. 
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Data are from six independent experiments of individual donors. (F) Boost of glycolysis through 
creatine increases CCR7 stimulated moDCs chemotaxis. Human mature moDCs were pretreated 
either for 12h with 20mM creatin or for 4h with specific inhibitor of the mitochondrial F1F0-ATPase 
and allowed to migrate towards CCL19 or CCL21. Seven independent experiments with different 
healthy donors. Lines represent non-linear fit. Mean +/- SEM (ANOVA with Dunnett post test). 

Effect of exogenous ATP on CCR7-driven migration 

Extracellular ATP and adenosine are shown to modulate neutrophil chemotactic 

responses to N-formyl-Met-Leu-Phe (FMLP)326. To test whether cell autonomous ATP release 

is necessary for CCR7 mediated migration, we decided to override the self-generated 

gradient by increasing amounts of exogenous ATP. We determined the effect of exogenous 

ATP in a reductionist chemotaxis Transwell system, composed of upper wells with mature 

moDCs and lower wells with 0.5μg/ml CCR7 ligands separated by a poly-carbonate filter with 

5μm pores. Addition of increasing amounts of exogenous ATP to the lower well, reduced 

CCR7 mediated chemotaxis in a concentration-dependent manner (Figure 3A), which implied 

that exogenous ATP obscured polarized ATP released from the cells and interfered with 

gradient sensing and proper cell migration. Contrary, addition of ATP to the cell containing 

upper well, was not as efficient in perturbing cell generated ATP gradients (Figure S2A). 

Addition of ATP to upper wells reduced chemotaxis in highest concentrations only by 20% 

(Figure S2A), suggesting that a cell autonomous ATP release is more essential for maintaining 

CCR7 mediated migration rather than for its initiation. However, ATP per se was not a 

chemoattractant for human mature moDCs, naïve CD3+ T cells, or CD19+ B cells (Figure S2B). 

Therefore, we hypothesized that a cell generated extracellular ATP gradient facilitates 

gradient sensing by activating multiple receptors that helped to regulate and persist 

directional chemotaxis in a continuous chemokine gradient. To advance this notion, we 

challenged mature moDCs with a complex 3D environment containing heparan sulfate 

proteoglycans on which CCL21 can be presented. Obscuring endogenous ATP gradient via 

increasing concentrations of exogenous ATP, decreased CCR7 mediated 3D chemotaxis of 

moDCs up to 50% (Figure 3B), corroborating the idea of an ATP mediated CCR7 amplification 

loop. Of note, moDC migration towards CCL21 in a more complex system, where a CCL21 

haptotactic gradient could be formed, was affected to a lower extend compared to soluble 

CCL19-driven migration (Figure 3B).  



Chapter 5: CCR7 purinergic signal relay 

 

 
143 

Figure S2. Effect of 
exogenous ATP and its 
analogs on CCR7-
driven migration 

TranswellTM 
chemotaxis assays with 
indicated cells in upper 
wells separated from 
lower wells containing 
0.5 μg/ml CCL19 or CCL21 
by a polycarbonate 
membrane with 5 μm 
pore size were used to 
assess chemotaxis (A) 
Endogenous ATP is rather 
necessary for maintaining 
CCR7-driven migration 
than its initiation. 
Exogenous ATP is added 
in increasing 
concentrations to the 
either the lower well 
(straight lines) or upper 
well (dashed lines) of a 
TranswellTM chemotaxis 
chamber. Mean values 
from four experiments 
with moDCs from 
individual donors. (B) ATP 
is not a chemoattractant 
for moDCs, CD3+ T cells 
and CD19+ B cells. 
Increasing concentrations 
of ATP without any other 
chemoattractant was 
added to the lower 
chamber of a TranswellTM 
chemotaxis assay und 
chemotaxis towards ATP 
was assessed for moDCs 

(n = 10), CD3+ T cells (n = 6) and CD19+ B cells (n = 3). (C) Obscuring endogenous ATP gradient of 
CD19+ B cells inhibits CCR7-driven migration. Increasing concentrations of exogenous ATP was added 
to the lower chamber and chemotaxis of CD19+ B cells towards CCR7 ligands was determined. Three 
independent experiments with different donors. (D) Nonhydrolyzable ATP analog ATPγS is not a 
chemoattractant of human mature moDCs or CD3+ T cells. Increasing concentrations of ATPγS 
without any other chemoattractant was added to the lower chamber of a TranswellTM chemotaxis 
assay und chemotaxis was determined for moDCs (n = 10) and CD3+ T cells (n = 4). (E) Not only 
exogenous ATP but also increasing exogenous adenosine concentrations added to the lower well is 
able to decrease concentration graded CD3+ T cell migration towards CCR7 ligands. Data are from 
four independent experiments of individual donors. (F/G) Comparison of inhibitory effects of ATP 
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and ATPγS added to the lower well on moDC (F) and CD3+ T cell chemotaxis towards CCR7 ligands. 
(H/I) Exogenous ATPγS (H) or adenosine (I) is added in increasing concentrations to the either the 
lower well (straight lines) or upper well (dashed lines) of a TranswellTM chemotaxis chamber and 
chemotaxis of moDCs towards CCR7 ligands was assessed. Mean values from ten (H) or six (I) 
experiments with moDCs from individual donors. Lines represent non-linear fit. Mean +/- SEM 
(ANOVA with Dunnett post test). 

 

While CCR7 mediated locomotion of mature moDCs was highly disturbed through the 

addition of exogenous ATP, CCR7 triggered migration of CD3+ T cells (Figure 3C) and CD19+ 

(Figure S2C) was also affected, albeit to a lower degree. The chemotaxis of mature moDCs 

towards CCR7 ligands was extinguished in high exogenous ATP concentration (Figure 3A). In 

contrast migration of T cells and B cells towards CCL19 and CCL21 was only blocked by ~50% 

(Figure 3C, S2C). The usage of a reductionist 2D migration system allowed us exclude cell 

adhesion and integrin-dependent cell type specific differences. Therefore, we concluded that 

cell type specific differences can arise through (1) differential usage of an ATP functional 

loop to amplify CCR7 signals, (2) a cell type specific extent of ATP release or differential 

expression of ATP sensing receptors or (3) cell type specific ATP hydrolysis and sensing and 

function of ATP hydrolysis products. Because released ATP was rapidly degraded through 

human moDCs (Figure 2A), we tested whether ATP hydrolysis products are involved in CCR7 

mediated functional loops. Using the non-hydrolysable ATP analogue adenosine 5`-O-(3-

thiotriphosphate) (ATPγS) to mask cellular gradients, we showed a very strong inhibition of 

CCR7 mediated chemotaxis of human mature moDCs (Figure 3D,S2F). The inhibition of 

chemotaxis through ATPγS was even more pronounced compared to ATP (Figure S2F), 

suggesting that hydrolysis of ATP is crucial for CCR7 mediated moDC migration. Importantly, 

as shown for ATP (Figure S2B), ATPγS was not able to promote chemotaxis of human mature 

moDCs and CD3+ T cells (Figure S2D). Similar to mature moDCs, increasing concentrations of 

ATPγS on CD3+ T cells decreased CCR7-driven chemotaxis, compared to hydrolysable ATP 

(Figure S2E), albeit to a lower extend (Figure S2G). Hence, we concluded that there were cell 

type specific differences in the function of purinergic signal amplification mechanism to 

ensure continuous CCR7 mediated cell migration.  

While addition of ATP to upper wells reduced slightly CCR7 mediated chemotaxis, ATPγS 

was equally potent in hampering migration towards CCR7 ligands independent of addition to 

upper or lower wells (Figure S2H). As moDCs upregulated CD73 during maturation (Figure 
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1C,D) and human lymphatic vessels (Figure 1B) express brightly CD73, we hypothesized that 

differences observed for ATP and ATPγS are due to rapidly generated adenosine from 

polarized release of ATP upon CCR7 stimulation. Increasing concentrations of adenosine to 

obscure a cell generated adenosine gradient, decreased mature moDC chemotaxis toward 

CCR7 ligands of up to ~50% (Figure 3E). The addition of adenosine to upper wells was not 

equally efficient in decreasing moDC chemotaxis (Figure S2E). Thus, we concluded that 

polarized ATP from cells as well as moDC generated adenosine is essential for a continuous 

steering during CCR7-driven chemotaxis.   

Because of the apparent importance of cell generated ATP gradients, we next aimed to 

study the cellular origin of ATP that is released upon and necessary for CCR7 triggered 

migration. ATP can be synthesized via both oxidative phosphorylation in mitochondria and 

via glycolysis in the cytosol. Oligomycin, a specific inhibitor of the mitochondrial F1F0-

ATPase, did not decrease moDC migration towards CCR7 ligands (Figure 3F). However, under 

the same conditions, pharmacological enhancement of ATP production through creatine-

mediated increase in glycolysis elevated significantly CCR7-driven moDC migration (Figure 

3F). Hence, we concluded that ATP generated via glycolysis is able to boost CCR7 triggered 

chemotaxis.  

CCL19 and ATP synergistically mobilize intracellular Ca2+ responses 

Having found that ATP is released upon CCR7 triggering and that cell generated ATP and 

adenosine gradients are necessary for maintaining CCR7 migration, we aimed to show 

directly signal amplification of purinergic and CCR7 signalling. Intracellular Ca2+ responses 

are one of the most upstream second messenger cascades that allow integration of high 

spatiotemporal information also during cell polarization and migration. Further, in T cells, 

Ca2+ influx induces ATP synthesis and release328, and, vice versa, extracellular ATP is known 

to induce Ca2+ influx in several cell types352, 353. Moreover, intracellular Ca2+ has been shown 

to be essential for CCR7 mediated moDC migration210. Triggering of both, CCL19 and ATP 

resulted in a robust mobilization of intracellular Ca2+ in human mature moDCs (Figure 4A), 

while stimulation with ATP and CCL19 simultaneously resulted in a synergistic Ca2+ response 

(Figure 4A), suggesting a cooperative signalling of CCR7 and ATP receptors to amplify their 

extracellular guidance cues. Importantly, inhibition of Gαi via PTx completely abolished Ca2+ 
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mobilization in response to CCL19, ATP and simultaneous stimulation of both CCL19 and ATP 

(Figure S3A). In contrast to ATP, simultaneous adenosine and CCR7 stimulation resulted in 

slight additive effects in Ca2+ mobilization (Figure 4B). Thus, we showed that ATP 

synergistically amplifies CCR7 mediated Ca2+ response. 

Figure 4. CCL19 and ATP 
synergistically mobilize 
intracellular Ca2+ responses 

Mature moDCs were 
loaded with 1.5 µl/ml Fluo-
3/AM for 30 minutes at 37°C 
and changes in intracellular 
calcium concentrations were 
recorded by flow cytometry for 
a period of 250 seconds.  (A/B) 
CCL19 and ATP synergistically 
amplify intracellular Ca2+ 
mobilization. in response to 0.5 
µg/ml of CCL19, 50 μM ATP, 50 
μM adenosine or simultaneous 
stimulation of 0.5 µg/ml CCL19 
and 50 μM ATP or 0.5 µg/ml 
CCL19 and 50 μM adenosine 
Depicted is one experiment out 
of four. (C/D) Effect of the ATP 
consuming enzyme Apyrase 
and adenosine converting 
enzyme adenosine deaminase 
(ADA) on CCL19 mediated Ca2+ 
in mature moDCs. Fluo-3/AM 
loaded moDCs were incubated 
with 10 U/ml Apyrase or ADA 
and subsequently stimulated 
with 0.5 µg/ml of CCL19. 
Depicted is one experiment out 
of three with similar outcomes. 

 

We further tested the effect of apyrase, an enzyme that efficiently hydrolyses ATP, on 

CCL19 mediated Ca2+ mobilization. Addition of apyrase to human mature moDCs decreased 

CCL19 mediated Ca2+ response, showing that part of CCR7-dependent Ca2+ mobilization is 

also dependent on ATP secretion and signalling via ATP receptors (Figure 4C). 

Controversially, addition of adenosine deaminase (ADA), which converts adenosine to 

inosine, prolonged Ca2+ in response to CCL19 (Figure 4D). Taken together, we demonstrated 

that released ATP amplifies CCR7 mediated Ca2+ mobilization, ATP is subsequently 
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hydrolysed to adenosine which may bind to adenosine receptors of the inhibitory type, that 

are able to shut down CCR7 mediated Ca2+ response to set stage for rapid repeated 

signaling.  

To advance this concept, we inhibited CCR7 mediated ATP release by blockade of 

pannexin hemichannels via CBX pretreatment or by inhibition of vesicular trafficking through 

brefeldinA (Figure 2B) and monitored Ca2+ mobilization in response to CCR7 stimulation 

(Figure S3B,C). Surprisingly, inhibition of ATP release mediated by CBX or brefeldinA 

pretreatment resulted also in a prolonged Ca2+ response upon CCL19 stimulation (Figure 

S3B,C). 

Figure S3. ATP release through pannexin channels and vesicle trafficking is necessary to 
bridle CCR7 triggered Ca2+ mobilization 

Mature moDCs were loaded with 1.5 µl/ml Fluo-3/AM for 30 minutes at 37°C and changes in 
intracellular calcium concentrations were recorded by flow cytometry for a period of 250 seconds.  
(A) Gαi inhibition inhibits CCL19, ATP and synergistically amplified ATP and CCL19 Ca2+ response. 
Human mature moDCs were pretreated with 5 ng/ml PTx and Ca2+ mobilization in response to 0.5 
µg/ml of CCL19, 50 μM ATP, simultaneous stimulation of 0.5 µg/ml CCL19 and 50 μM ATP were 
recorded by flow cytometry. Depicted is one experiment out of three. (B/C) Effect of pannexin 
channel inhibition and blockade of vesicle trafficking on CCL19 mediated Ca2+ in mature moDCs. Fluo-
3/AM loaded moDCs were pre-treated for 2h with 10μM Carbenoxolone (CBX) (B) or 10μM 
BrefeldinA (BrefA) (C) and Ca2+ response upon 0.5 µg/ml of CCL19 was determined. Depicted is one 
experiment out of three. 
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Identifying components of the functional CCR7 amplification loop 

ATP and its hydrolysis product adenosine are the ligands of four P1 adenosine (A1, A2a, 

A2b and A3) and 15 P2 nucleotide receptors including ionotropic P2X (P2X1-7) and 

heterotrimeric G-protein coupled P2Y (P2Y1,2,4,6,11-14) subtypes. To address the nature of 

a purinergic CCR7-coupled amplification loop, we reasoned that a potential purinergic 

amplification system has to be expressed on CD3+ T cells and CD19+ B cells and needs to be 

upregulated during dendritic cell maturation. Quantitative real time analysis suggested that 

CD3+ T cells and CD19+ B cells expressed predominantly P2Y11- and P2Y14- derived mRNA 

among P2Y receptors, P2X1-, P2X4-, P2X5- and P2X7- derived RNA of the P2X subtype and 

A2a- receptor derived mRNA (Figure 5A,B). Along with CCR7, P2Y11- and A2a- receptors 

were upregulated during moDC maturation on mRNA (Figure 5C) and protein level (Figure 

5D). To strengthen the idea of a purinergic amplification system consisting of P2Y11 and A2a 

receptors, we applied general P2-receptor antagonists suramin and PPADS, and 

subsequently assessed CCR7-driven chemotaxis. Suramin reduced significantly chemotaxis of 

moDCs and CD3+ T cells (Figure 5E,F,G), whereas the P2X-selective antagonist (KN62) and 

oxidized ATP (Figure 5 H,I,J, S4D,E,F,G) did not. Of note, addition of suramin and PPADS to 

the upper well of the reductionist Transwell system, decreased CCR7 mediated chemotaxis 

to a much lower extent (Figure S4A,B,C), corroborating the concept that ATP amplification is 

essential for maintaining chemotaxis, rather than initiating it. Thus, we concluded that P2Y 

receptors, for instance P2Y11, are essential for CCR7 mediated migration. 
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Figure 5. Identifying components of the functional CCR7 amplification loop 
(A/B) P1- and P2- receptor mRNA expression in human CD3+ and CD19+ B cells was analysed 

using quantitative real time PCR (qRT-PCR). Expression of house-keeping genes were subtracted from 
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gene expression to calculate 2^(-Δ(Ct)) values. Dashed line indicates expression of unspecific noise 
background. Mean +/- SD of three individual donors (single points). (C) Co-upregulation of CCR7, 
P2Y11 and A2a. Expression of CCR7 and P1- and P2 receptors were monitored during moDC 
maturation in the presence or absence of PGE2 on mRNA level using qRT-PCR. Expression of house-
keeping genes were subtracted from gene expression to calculate 2^(-Δ(Ct)) values. 2^(-Δ(Ct)) of 
immature moDCs were set to 1 to calculate fold induction. Depicted are values of 3 independent 
donors. (D) Upregulation of components of the CCR7 amplification loop during moDC maturation. 
Immature moDCs or moDC matured in the presence or absence of PGE2 were lysed, protein level 
was adjusted and protein expression levels in cell lysates were analysed using western blotting. 
Shown is one donor out of four. (E/F/G) The P2Y antagonists Suramin and PPADS blocks CCR7 
mediated migration of mature moDCs (E) and CD3+ T cells (F/G). TranswellTM chemotaxis assays with 
moDCs or CD3+ T cells in upper wells separated through filter with 5 μm pore size from lower wells 
containing 0.5 μg/ml CCL19 or CCL21 and increasing concentrations of Suramin and PPADS. (H/I/J) 
P2X-selective antagonist KN-62 and oxidized ATP are not affecting CCR7-driven migration of mature 
moDCs (H/I) and CD3+ T cells (J). Effect of increasing concentrations of KN-62 or o-ATP added to the 
lower well of TranswellTM chemotaxis assay on migration towards CCR7 ligands (0.5 μg/ml CCL19 or 
CCL21) of mature moDCs and CD3+ T cells. Mean values from five experiments with moDCs from 
individual donors. Lines represent non-linear fit. Mean +/- SEM (ANOVA with Dunnett post test). 

Figure S4. P2Y but not P2X receptors are involved in ATP mediated amplification of CCR7 
chemotaxis cues 

TranswellTM chemotaxis assays with indicated cells in upper wells separated from lower wells 
containing 0.5 μg/ml CCL19 or CCL21 by a polycarbonate membrane with 5 μm pore size were used 
to assess chemotaxis (A/B/C) The P2Y antagonists Suramin and PPADS blocks CCR7 mediated 
migration of mature moDCs (A) and CD3+ T cells (B/C). Increasing concentrations of the general P2Y 
antagonists Suramin (A/B) or PPADS (C) were added to either the lower well (straight lines) or upper 
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well (dashed lines) of a TranswellTM chemotaxis chamber and CCR7-driven migration towards 0.5 
μg/ml CCL19 or CCL21 was determined. Mean values from four experiments with cells from 
individual donors. (D/E/F/G) P2X-selective antagonist KN-62 and oxidized ATP are not effecting 
CCR7-driven migration of mature moDCs (D/F) and CD3+ T cells (E/G). ). Increasing concentrations of 
KN-62 (D/E) or oxidized ATP (oATP) (F/G) were added to either the lower well (straight lines) or upper 
well (dashed lines) of a TranswellTM chemotaxis chamber and CCR7-driven migration towards 0.5 
μg/ml CCL19 or CCL21 was assessed. Mean values from at least four experiments with moDCs and 
CD3+ T cells from individual donors 

P2Y11 and A2a are the key components of CCR7 functional signaling relay 

Previous experiments suggested that P2Y11, that is absent in the mouse genome354, is 

the ATP receptor involved in CCR7 purinergic amplification loops. To directly address this in a 

controlled experimental setup we monitored CCR7-driven migration with increasing 

concentration of a selective low affinity P2Y11 antagonist (NF157), a high affinity P2Y11 

antagonist (NF340) and a high affinity P2Y11 agonist (NF546). Interference with proper ATP 

signaling through P2Y11 blockade (NF157, NF340) diminished CCR7-driven chemotaxis 

(Figure 6A,B). Moreover, obscuring polarized ATP sensing through increasing concentration 

of P2Y11 agonist (NF546) significantly inhibited moDC migration towards CCR7 ligands 

(Figure 6C). Importantly, high concentrations of low affinity P2Y11 antagonist completely 

abolished CCR7 mediated migration (Figure 6A). Analyzing Ca2+ responses of mature moDCs 

pretreated with NF157 showed that CCL19-driven Ca2+ mobilization is completely blocked 

upon NF157 treatment (Figure 6D). Further, ATP mediated Ca2+ response in presence of 

NF157 was also diminished (Figure S5A), showing that P2Y11 is indeed able to transmit ATP 

signals. However, overall ability to signal through Ca2+ mobilization was not affected by 

NF157 (Figure S5B). Such a phenomenon, in which blockade of one receptor abrogates 

signaling of another receptor, is already described for chemokine receptor arrays and 

termed allosteric modulation66, 67. Therefore, we hypothesized that CCR7 and P2Y11 

synergistically cooperate in a hetero-oligomerized receptor array.  

Secreted ATP was rapidly hydrolysed by mature moDCs (Figure 2A) and subsequent 

adenosine was able to limit CCR7 signaling. Further, we identified the Gs coupled receptor 

A2a, which is widely recognized for its inhibitory effect355, as potential candidate involved in 

CCR7 purinergic signaling relay. By selectively inhibiting A2a receptors on mature moDCs, we 

showed that CCR7-driven chemotaxis depends on A2a receptor signaling (Figure 6E). In line 

with previous findings, we showed that blockade of A2a resulted in a prolonged CCL19 
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mediated Ca2+ response (Figure 6F), without affecting the ability to transduce overall Ca2+ 

mobilization (Figure S5C).  

Figure 6. Role of P2Y11 and A2a in CCR7-dependent moDC migration and signaling 
(A/B/C) Inhibition of proper ATP sensing through blockade of P2Y11 inhibits CCR7 mediated 

moDC migration. The effects of low affinity P2Y11 antagonist (NF-157) (A), high affinity antagonist 
(NF-340) (B) or high affinity agonist (NF546) (C) on migration towards 0.5 μg/ml CCL19 or CCL21 was 
assessed using TranswellTM chemotaxis assay. Data are from at least eight independent experiments 
of individual donors. Lines represent non-linear fit. Mean +/- SEM (ANOVA with Dunnett post test). 
(D) P2Y11 antagonist NF-157 abolishes CCL19 mediated intracellular Ca2+ mobilization. MoDCs were 
loaded with 1.5 µl/ml Fluo-3/AM for 30 minutes at 37°C and changes in intracellular calcium 
concentrations in response to 0.5 µg/ml of CCL19 in the presence or absence of 250μM NF-157 were 
recorded by flow cytometry for a period of 250 seconds. Depicted is one experiment out of three. (E) 
A2a receptor antagonist inhibits CCR7 mediated moDC chemotaxis. Effect of increasing 
concentrations of A2a receptor specific antagonist added to the lower well of TranswellTM 
chemotaxis assay on migration towards CCR7 ligands (0.5 μg/ml CCL19 or CCL21) of mature moDCs. 
Mean values +/- SEM from six experiments with moDCs from individual donors. Lines represent non-
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linear (ANOVA with Dunnett post test) (F) Blockade of the A2a receptor prolongs CCL19 triggered 
Ca2+ response. MoDCs loaded with 1.5 µl/ml Fluo-3/AM for 30 minutes at 37°C to determine changes 
in intracellular calcium concentrations in response to 0.5 µg/ml of CCL19 in the presence or absence 
of 10μM A2a-receptor antagonist were recorded by flow cytometry for a period of 250 seconds. 
Depicted is one experiment out of three. (G) Localization of the CCR7 signal relay machinery during 
maturation of human moDCs. Co-localization study of triple stainings of immature, and matured 
moDCs in the presence or absence of PGE2 using anti-CCR7, anti-P2Y11 and anti-A2a specific 
antibodies. Co-stainings were visualized using a Leica TCS SP5 II laser scanning confocal microscope 
using a 63x/1.4 NA oil-immersion objective (Leica). 3D reconstitution was performed by Imaris using 
confocal images of 0.13µm thickness. One donor of four with similar outcomes is shown. Scale bar: 
10µm 

 

To investigate the possibility of the formation of a customized multi-factorial purinergic 

signaling complex that permits moDCs to transmit and integrate unique responses to ATP 

and adenosine, we performed immunofluorescence analysis of moDCs during maturation. 

3D reconstructions demonstrated upregulation of CCR7, P2Y11 and A2a during moDCs 

maturation most prominently in the presence of PGE2 (Figure 6G). While CCR7 and P2Y11 

were expressed and were equally distributed at the plasma membrane, we observed a 

strong polarization of the adenosine receptor A2a (Figure 6G, S5D). Thus, we concluded that 

released ATP through CCR7 triggering amplifies CCR7 signal through P2Y11 activation, 

however signaling is turned down through adenosine, hydrolysed from ATP, through the 

activation of the inhibitory A2a receptor in a polarized manner. 
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Figure S5. P2Y11 antagonist NF-157 blocks ATP mediated Ca2+ response but not general 
Ca2+ mobilization 

(A/B) P2Y11 is the major receptor on human mature moDCs that mediates ATP triggered Ca2+ 
mobilization. MoDCs were loaded with 1.5 µl/ml Fluo-3/AM for 30 minutes at 37°C and changes in 
intracellular calcium concentrations in response to 50 µM of ATP or 0.02 µg/ml ionomycin in the 
presence or absence of 250μM NF-157 were recorded by flow cytometry for a period of 250 seconds. 
Depicted is one experiment out of three. (C) A2a receptor antagonist is not affecting moDC response 
to ionotropic stimulation. MoDCs were loaded with 1.5 µl/ml Fluo-3/AM for 30 minutes at 37°C and 
changes in intracellular calcium concentrations in response to 0.02 µg/ml ionomycin in the presence 
or absence of 10μM A2a receptor antagonist was determined. (D) The pannexin hemichannel panx1 
co-localizes to CCR7 and A2a in human mature moDCs. Co-localization study of triple stainings of 
immature, and matured moDCs in the presence or absence of PGE2 using anti-CCR7, anti-panx1 and 
anti-A2a specific antibodies. Co-stainings were visualized using a Leica TCS SP5 II laser scanning 
confocal microscope using a 63x/1.4 NA oil-immersion objective (Leica). 3D reconstitution was 
performed by Imaris using confocal images of 0.13µm thickness. One donor out of four. Scale bar: 
10µm 
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Hetero-oligomerization of the multi-factorial purinergic signal amplification machinery  

The polarized distribution of the inhibitory A2a receptor on human moDCs and the 

existence of an allosteric modulation of CCR7 through P2Y11 suggested that CCR7, P2Y11 

and A2a not only functionally cooperate but also physically associate into a hetero-

oligomerized multi factorial signal relay. To test this, we used a split-YFP-based bimolecular 

fluorescence complementation (BiFC) approach, where two non-fluorescent YFP fragments 

are fused to two distinct factors of a potential signal amplification machinery. Upon hetero-

dimerization, the two non-fluorescent halves of YFP1 and YFP2, fused to tested receptors, 

are reconstituted to form a native YFP that emits its fluorescent signal upon excitation 

(Figure S6A). Upon co-expression, not only CCR7, P2Y11, and A2a form homo-dimers, but 

also P2Y14, expressed on CD3+ T cells and CD19+ B cells, showed homo-dimerization (Figure 

7A). In line with previous studies, the propensity to homo-dimerize was highest for A2a. 

However, we observed an equal ability of P2Y11 and A2a to hetero-dimerize with CCR7, 

whereas the association with each other and the propensity to build a P2Y11-A2a oligomer 

was higher (Figure 7A). Importantly, the observed hetero- and homo- dimerization was not 

due to molecular crowding and coincidental collision at the plasma membrane, as no hetero-

dimerization was detected for CCR7, P2Y11 and A2a with P2Y14 (Figure 7A). To visualize the 

CCR7 purinergic signal amplification machinery on ex vivo generated human moDCs, we 

measured hetero-dimerization of endogenous receptor molecules in situ by proximity 

ligation assay (PLA). Indeed, profound CCR7 – A2a and CCR7 – P2Y11 hetero-oligomerization, 

as manifested by red fluorescent dots, was most profoundly found in human moDCs 

matured in the presence of PGE2 (Figure 7B). In line with data from BiFC analysis (Figure 7A), 

A2a and P2Y11 form hetero-oligomers already in the absence of CCR7 (Figure S6B). 

Interestingly, A2a-P2Y11 dimers and CCR7-A2a, CCR7-P2Y11 dimers seemed to be counter 

regulated. While CCR7-A2a, CCR7-P2Y11 oligomerization increased through maturation in 

the presence of PGE2 (Figure 7B), A2a-P2Y11 oligomerization was decreased (Figure S6B). As 

CCR7-driven ATP release, is also mediated through pannexin hemichannels, we tested 

whether pannxin1 is also part of this multi-protein signaling relay. Again, we found strong 

hetero-oligomerization of CCR7 and pannexin1 in human moDCs matured in the presence of 

PGE2. Hence, we showed that PGE2 exposed moDCs efficiently migrated in response to CCR7 
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ligands96, and expressed high amounts of the physically interacting CCR7 purinergic signal 

amplification machinery, consisting of CCR7, P2Y11, A2a and pannexin1. 

Figure S6. Oligomerization of P2Y11 – A2a and CCR7 – panx1 in human moDCs 
(A) Schematic representation of the oligomeric Bimolecular fluorescence complementation 

(BiFC) assay. Two distinct receptor molecules are C-terminally tagged with non-fluorescent halves of 
YFP1 (A2a/P2Y11y1) and YFP2 (CCR7y2). Upon physical interaction of two receptors harboring the 
YFP fragments are reconstituted to native excitable YFP (B) Oligomerization of A2a and P2Y11 as well 
as CCR7 and panx1 on human moDCs assessed by PLA. PLA was visualized using a Leica TCS SP5 II 
laser scanning confocal microscope using a 63x/1.4 NA oil-immersion objective (Leica). 3D 
reconstitution was performed by Imaris using confocal images of 0.13µm thickness. One micrograph 
derived from four independent experiments. Scale bar: 10µm 

Reconstitution of mouse lymphocytes with P2Y11 boosts CCR7-driven migration 

We showed that physical and functional interaction of P2Y11 and A2a with CCR7, 

together with a CCR7 mediated ATP release, helps to amplify and to polarize regulate CCR7 

signals, necessary for maintaining CCR7-driven migration. As P2Y11 is absent in the mouse 

genome354, we hypothesized that reconstitution of mouse lymphocytes with P2Y11 would 

boost CCR7 mediated migration. As cellular system we used mouse 300-19 pre-B cells that 

lack endogenous CCR7 expression12 and reconstituted them with human CCR7 and P2Y11. 

Expression of human CCR7 allowed the cells to migrate towards CCR7 ligands (Figure 7C). 

Importantly, co-expression of both CCR7 and P2Y11, doubled migration towards CCL19 and 

CCL21 not only in 2D (Figure 7C) but also in a complex 3D environment with a potential 

CCL21 haptotactic gradient (Figure 7D). To test whether this significant increase in migration 

depends on the newly acquired ability to sense ATP and amplify CCR7 signals and migration, 
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we obscured cell generated gradient by addition of exogenous ATP. In the absence of P2Y11, 

CCR7-driven 300-19 migration towards CCL19 was hardly affected by increasing addition of 

exogenous ATP, neither in 2D (Figure 7E) nor in complex Matrigel 3D environment (Figure 

7F). In contrast, in the presence of P2Y11, obscuring polarized ATP, inhibited P2Y11 

mediated elevation of CCR7-driven migration in a concentration-dependent manner (Figure 

7 E,F). These results demonstrated that cells expressing the ATP receptor P2Y11 are able to 

boost their CCR7 mediated migration in a ATP-dependent manner. 

Figure 7. Reconstitution of mouse lymphocytes with the hetero-oligomerization CCR7 
amplification machinery boosts CCR7 mediated migration 

(A) Hetero-oligomerization of components of the CCR7 signal amplification machinery. 
Interaction of CCR7, P2Y11, A2a and P2Y14 was determined by BiFC and quantified by flow 
cytometry. Mean ± SD of n=5 experiments. (B) PGE2 augments oligomerization of the CCR7 signal 
amplification machinery in human moDCs as assessed by PLA. PLA was visualized using a Leica TCS 
SP5 II laser scanning confocal microscope using a 63x/1.4 NA oil-immersion objective (Leica). 3D 
reconstitution was performed by Imaris using confocal images of 0.13µm thickness. One micrograph 
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derived from four independent experiments. Scale bar: 10µm. (C/D) Reconstitution of mouse 
lymphocytes with P2Y11 thrives CCR7 mediated migration. Specific cell migration of CCR7 
transfectants was determined in 2D TranswellTM chemotaxis assays and through 3D Matrigel. Mean 
values +/- SEM from seven experiments. (Student t-test). (E/F) Enhanced CCR7-driven migration of 
reconstituted mouse lymphocytes is inhibited through obscuring endogenous ATP gradient. 2D and 
3D Matrigel TranswellTM chemotaxis assays was used to determine the effect of increasing ATP 
concentrations added to the lower well on 300-19 pre B cells transfected with CCR7 and P2Y11. Data 
are from at least seven independent experiments. Mean +/- SEM. Lines represent non-linear fit.  

Discussion 

We have shown that cytokine experienced mature human DCs can overcome the lack of 

a broad and deep reaching haptotactic CCL21 gradient in the human skin, by acquiring a 

purinergic multi-protein-signal amplification machinery. In response to CCR7 activation, 

human moDCs released ATP, which was stored in intracellular vesicles, via pannexin 

hemichannels and vesicle fusion. Released ATP was able to activate P2Y11, that is absent in 

the mouse genome, to synergistically amplify CCR7-dependent intracellular signaling. 

Endogenous cell generated ATP gradients were necessary for maintaining directional 

chemotaxis in a continuous chemokine gradient. Released ATP was rapidly hydrolysed, also 

via upregulation of CD73, on human mature moDCs. Subsequently, adenosine, a hydrolysis 

product of ATP, was acting on polarized A2a receptor, generating an inhibitory signal to shut 

off CCR7 mediated Ca2+ response and therefore setting the stage for rapid repeated 

purinergic signaling. We showed that, CCR7, P2Y11 and A2a not only form functional loops, 

but also interacted physically to build up large cell type customized multi-protein complexes 

in which allosteric receptor modulation occurred. Finally, we corroborated the concept of a 

human specific CCR7 purinergic amplification loop, by reconstituting P2Y11 in mouse cells, 

thereby boosting CCR7-driven 2D and 3D migration in an ATP-dependent manner. 

To decipher molecular mechanisms, we demonstrated the CCR7 purinergic signal relay 

using reductionist in vitro experimental setups and ex vivo generated cells. However, the 

underlying molecular mechanism potentially explains for many in vivo observed phenomena. 

The concept that chemokines work in vivo as a haptotactic framework is appealing as an 

immobilized and therefore static chemokine field is insensitive against convective flows, 

turbulences and mechanical perturbations that are usually present in vivo. Therefore, it is 

highly possible that preformed anatomical scaffolds can instruct cells with distinct motility 

programs to navigate in the interstitial and lymphatic space. However, such a deterministic 
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migration concept does not sufficiently explain behavior like in vivo long-range directional 

cues107, 317-321, DC swarming11 and does not allow for fast spatiotemporal regulation. It was 

shown that DCs, upon encountering of a CCL21 haptotactic scaffold, can generate a soluble 

CCL21 gradient, thereby adding to the static chemokine field a soluble chemokine gradient11. 

However, DCs are able to read guidance cues stored in the immobilized CCL21 field 

independent of soluble chemokine factors97. Further, it is unclear whether the amount of 

generated soluble CCL21 is large enough to guide cells and in which orientation is the 

gradient formed. Herein, we advance the concept of a deterministic haptotactic scaffold, by 

delineating a purinergic signaling machinery that is able to amplify CCR7 signals, necessary 

for persisting directional chemotaxis in a continuous chemokine gradient. This principle 

might apply to lymphocytes as well as DCs. Moreover, a CCR7 purinergic signal relay allows 

for a fast spatiotemporal regulation, most probably through generation of local ATP and 

adenosine micromilieus. For instance, human afferent lymphatic vessels, that guides antigen 

experienced DCs from the periphery to the lymph nodes, in contrast to efferent lymphatics, 

express highly the 5`nucleotidase CD73. Transported through lymph flow, DC reach the 

subcapsular sinus of the draining lymph node111, 356, that expresses again brightly CD73, 

whereas the lymphatic sinuses, which are the exit sites for lymphocytes in the lymph nodes, 

are CD73 negative340. Therefore, we propose a species-dependent role of CD73 in fine tune 

the adenosine microenvironment that contributes to cell homing. Further, as shown for 

lymphocyte expressed CD73, CD73 occupancy results in increased adhesion to lymphatic 

walls, an overlapping function with CCR7 activation.  

ATP, most probably generated via glycolysis, is stored in acidified vesicles for at least 2h. 

DCs do not only upregulate CCR7 and the components of its purinergic amplification loop 

P2Y11 and A2a, along with CD73, but also change metabolic pattern357. Resting DCs, that are 

sessile, less secretory and where oxygen is not limited, fuel their ATP production by oxidative 

phosphorylation. Within minutes of activation they increase glycolysis, although oxidative 

phosphorylation is still sufficient to supply all of the ATP needed by the cell357, 358. This 

facilitates a reserve of energy that can be stored and enables the cell to react on demands 

like cell-cell interaction and migration. In conclusion, activation of DCs enables the cell to 

store ATP, necessary for maintaining CCR7-driven migration. 
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Apart from offering a cell biological explanation for CCR7-driven migration in swallow 

gradients of only 0.4% in 3D environments345, our findings might be of more general 

relevance and might be applied to different cell types. For instance, for neutrophils – the 

most well studied leukocytes in terms of migratory behavior – migrating in inflamed skin a 

preformed anatomical scaffold has been proposed359. However, additional to a preformed 

scaffold, neutrophils are also guided through rapidly regulated soluble gradient of hydrogen 

peroxide (H2O2) that is formed in a zebrafish larvae wound-healing model an extended up to 

200μm into surrounding tissue360. Further, neutrophil migration is highly dependent on a 

purinergic feedback loop consisting of P2Y2 and A3 receptors326. In line with our results, ATP 

is rapidly released through pannexin1, regulating fMPL mediated migration through control 

cell orientation through P2Y2 and migration speed through A3 receptors326. Further, it was 

shown that abundant A2a receptor expression on neutrophils is necessary for providing an 

inhibitory signal at the cell back essential for neutrophil chemotaxis361. Controversially to our 

data on mature moDCs, in neutrophils released ATP is mainly generated through oxidative 

phosphorylation in mitochondria362.  

Although evolutionarily separated by millions of years, the task to sense trace amounts 

of chemoattractants seems to conserve amplification mechanism in lymphocytes, moDCs 

and the eukaryotic unicellular organism Dictyostelium discoideum. In line with neutrophils, 

during chemotaxis, Dictyostelium relay the chemoattractant cAMP signal to neighboring cells 

to amplify the chemotactic response. During chemotaxis, adenylyl cyclase, that generates 

cAMP, is highly enriched at the back of cells. This distribution is essential for the ability of 

Dictyostelium cells to align in a head-to-tail manner and migrate in the form of chains during 

chemotaxis363. Furthermore, such autocrine feedback processes can be influenced in a 

paracrine fashion not only in Dictyostelium, but also in lymphocytes by purinergic receptor 

ligands that are generated by other cells, for example, in infected or damaged tissues. 

From a cell biological perspective, a signal amplification mechanism is conceptually 

appealing, as two orthogonal signaling systems, for instance proteinergic and purinergic, 

allows for independent regulation and lesser disturbance. Despite the advantage of fast and 

distinct regulation of two orthogonal signaling systems, purinergic functional loops allow 

localized stimulation because receptor molecules can be confined to specific regions, as 

shown for A2a, and different spatiotemporal customized combinations of molecules can be 
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arranged to multi-protein complexes to meet specific functional requirements. For instance, 

CD1c+ peripheral blood DCs and IL-3R+ plasmacytoid DCs expressed mRNA for P2Y11 but 

remained unresponsive to ATP mediated inhibition of CCR7 triggered migration364.  

We show that not only DCs can use purinergic amplification loops, but also T cells are 

prone to inhibition of CCR7 mediated migration through exogenous ATP gradients. In the 

lymph nodes T cells migrate on a pre-determined CCL21 gradient immobilized on the FRC 

network in a so called `stop and go` pattern. This is characterized by sudden bursts of high 

speed haptotaxis (`runs`), subsequently followed by short migratory arrests during which T 

cells interact with the stroma or with other lymphocytes and is usually attended by change 

in direction155, 156. Importantly, the onset of such transient arrests are accompanied by 

flickering, low amplitude intracellular Ca2+ spikes158, 166. There are accumulating data that the 

magnitude and the duration of Ca2+ burst directly influencing the basal speed of T cell 

migration in the lymph node365, 366. Our data advances the concept of linking Ca2+ flickers to 

CCR7-driven T cell locomotion, by showing that extracellular ATP synergistically amplifies 

CCR7 mediated Ca2+ response, therefore enabling the cell to integrate also guidance cues 

derived from other cells. CCR7 seems to have a non-redundant yet nonexclusive function in 

promoting T cell migration in lymph nodes154, 158, 159. In the absence of CCR7 signaling, T cells 

move in the lymph node paracortex with similar directionality but much lower speed. The 

migratory paths of CCR7 deficient T cells are the same as for wild type cells, suggesting that 

they still use the FRC network as `streets` but do not receive important haptokinetic stimuli 

through CCL21. If CCR7 triggering only contributes to T cell migratory speeds in lymph nodes, 

what factors govern adhesion to FRC network and baseline motility? The inhibition of the Gαi 

subunit through pertussis toxin results in a nearly complete inhibition of T cell migration 

through blockade of both displacement and speed158-160, suggesting the involvement of 

another Gαi coupled chemoattractant receptor. Investigation of alternative chemokine 

signaling such as CXCR4/CXCL12 and lipid mediators of the arachidonic acid metabolism like 

the pro-migratory thromboxane A2 have revealed only partial contributions to intranodal T 

cell motility158-161, indicating the involvement of a yet undiscovered Gαi coupled GPCR. 

Herein, we show that in the human system purinergic signaling influences CCR7-driven 

migration, suggesting that ATP signals provided by DCs or the FRC network can regulate 

basal T cell motility, although ATP per se is not a chemoattractant for T cells. 
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For proper chemotactic responses towards CCR7 ligands, not only synergistic 

amplification through ATP and P2Y11 is necessary, but also adenosine mediated inhibition of 

intracellular responses are crucial. The hydrolysis of ATP to generate a negative signal 

through adenosine is necessary to prevent known responses like receptor desensitization. 

Receptor desensitization is on a time scale for polarization and cellular signaling a long term 

event and renders the cells unresponsive to sense amplification stimuli. Our data propose 

that, neither CCR7 nor P2Y11 which produces the excitation signal, but A2a a Gs coupled 

receptor providing an inhibitory signal is polarized in cells. Conceptually, cells would be 

exposed to rare chemotactic signal that is amplified and more widespread and a local, 

polarized inhibitory signal. Therefore, receptors at the leading edge can respond through 

local inhibition repeatedly to stimuli, while receptors at the back or side sense once the 

gradients but are desensitized through missing inhibitory signals. Thus, this principle would 

allow cells, also in steep gradient, to respond and rapidly reorient to continuous gradients.   

Along this line, the herein presented oligomerization of signal relay molecules is especially 

attractive as it explains why a signal relay mechanism does not result in the formation of 

multiple leading edges, which would prevent proper chemotaxis. Through physical 

interaction it is secured that CCR7 signaling and synergistically ATP signaling is sensed and 

integrated as one chemotactic cue.   

From a more general view, we envision the concept that a purinergic signal relay provide 

the cell with more quantitative information that delineates how and to what extent the cells  

should respond to the qualitative cues that is received through chemokine receptors and 

tells the cells to move.  
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Experimental procedures 

Materials 
Recombinant human CCL19 and CCL21 were purchased from PeproTech. Antibodies from the 

following source were used: anti-human CCR7  (LifeSpan Biosciences); anti-human CCL21-biotin (R&D 
Systems), anti-mouse CCL21-biotin (R&D Systems), anti-human Lyve-1 (Abcam), anti-mouse Lyve-1 
(R&D Systems), anti-human CD73 (Abcam), anti-mouse CD73 (BD pharmingen), anti-human panx1 
(Sigma-Aldrich), anti-human A2a (Millipore), anti-human P2Y11 (Sigma-Aldrich), anti-beta actin 
(Abcam), goat IgG isotype control (Abcam). Following drugs were purchased from Sigma-Aldrich: 
Glybenclamide, BafilomycinA, BrefeldinA, 18α-Glycyrrhetinic acid, Carbenoxolone disodium salt, 
Flufenamic acid, Gadolinium (III) chloride, Oligomycin, oxidized ATP and Suramin sodium salt. 
Following drugs were purchased from Tocris: PPADS tetrasodium salt, KN-62, NF-157, NF-340 and NF-
546. Adenosine A2a receptor antagonist, pertussis toxin and ionomycin were purchased from 
Calbiochem. Creatin, adenosine trisphosphate, adenosine 5`-O-(3-thiotriphosphate), adenosine and 
apyrase were purchased from Sigma-Aldrich. Adenosine Deaminase was purchased from Roche. 

Construction of expression plasmids 
Cloning of pcDNA3-CCR7-EGFP has been described previously 12. Generation of pcDNA3.1-P2Y11-

ECFP was performed by PCR of full length P2Y11 from human PBL cDNA using the primer pair (5` -
GAT GAA GCT TAG CTT ATG GCA GCC AAC GTC TC 3` and 5` -CTA TCT CGA GTT TGG CTC AGC TCA CGG 
GAC TG 3`) and subcloned into pcDNA3.1-ECFP. The constructs pcDNA3 CCR7 YFP1/YFP2 were 
subcloned by PCR using full length CCR7 (aa 1-334) and custom designed Primer from Microsynth, 
Balgach (5`-CTG CGA ATT CAT GGA CCT GGG GAA ACC AAT G and 5`-CTA TAT CGA TTG GGG AGA AGG 
TGG TGG TG) into BiFC vector 214. The construction of pcDNA3-P2Y11 YFP1/YFP2, pcDNA3-A2a 
YFP1/YFP2 and pcDNA3-P2Y14 YFP1/YFP2 were performed analogously using following primer pairs: 
P2Y11 (5`-GAT AAA GCT TAT GGC AGC CAA CGT CTC G 3` and 5` -GAA TAT CGA TTT GGC TCA GCT CAC 
GGG ACT 3`), A2a (5` -GAT AGA ATT CCT GAG CCT GCC TGT CGT CT 3` and 5` -GAA TAT CGA TGG ACA 
CTC CTG CTC CAT CC 3`) and P2Y14 ( 5` -GCC GAA GCT TAA TCT TAA AAG GCC TCT GC 3` and 5` -CGC 
GAT CGA TGG AAA TGT CTA GGT CAT TCT G 3`).  

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). Monocytes were separated from PBLs 
using anti-CD14-conjugated microbeads (Miltenyi). Monocytes (2x106 cells/ml) were then 
differentiated to immature moDCs in serum-free AIM-V (Gibco), supplemented with 50ng/ml IL-4 and 
50ng/ml GM-CSF (PeproTech) as previously described12, 96. At day 6 immature moDCs were harvested 
and matured for 2 days in IL-4/GM-CSF-containing medium by adding the cytokine cocktail 
comprising 20ng/ml TNFα, 20ng/ml IL-6 and 10ng/ml IL-1β (PeproTech) in the presence or absence of 
1µg/ml PGE2 (Miniprostin E2, Pharmacia). PBLs, CD19+ sorted (Miltenyi) B cells and CD3+ sorted 
(Miltenyi) T cells were cultured in RPMI-1640 medium supplemented with 2% human AB serum 
(Lonza). 

Human epithelial kidney 293 (HEK293) cells and were grown and maintained in Dulbecco’s 
modified Eagle’s medium containing 10% FCS (Lonza). HEK293 cells were transiently transfected by 
TransIT-LT1 (MirusBio), according to the manufacturer`s protocol.  

300-19 pre B cells were stably transfected with CCR7 constructs as described previously12, 314 and 
cultured in RPMI-1640 medium supplemented with 10% FCS, 1% non-essential amino-acids and 0.5% 
β-mercaptoethanol (Lonza). 
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Bimolecular Fluorescence Complementation (BiFC) assay 
Measurement of hetero-oligomerization by BiFC was performed essentially as described 

previously214, 222. In brief, HEK293 were co-transfected in a 1:1 ratio with splitYFP1 (y1) and splitYFP2 
(y2)-tagged constructs. Transfected cells were washed and fixed in 4% formaldehyde. For flow 
cytometry analysis, cells were subsequently detached and analysed on a LSR II flow cytometer (BD 
Biosciences).  

Preparation of cell lysates 
1x106 PBLs were lysed lysis buffer (10mM Tris-HCl, 150mM NaCl, 2mM MgCl2, 10% glycerol, 0.4% 

N-dodecyl maltoside, 1mM Na3VO4, 1mM NaF, supplemented with proteinase- and phosphatase-
inhibitor mix (Roche), pH7.5) and total protein concentration was determined using 660nm Protein 
Assay (Pierce). Total protein amount was adjusted and cell lysates were transferred to SDS-PAGE gels 
and Western blot analysis was performed using indicated antibodies.  

Ca2+ mobilization experiments 
The analysis of chemokine mediated changes in intracellular free Ca2+ concentration has been 

previously described previously215. Human mature moDCs were resuspended in Ca-Flux-buffer 
(106/ml in 145 mM NaCl, 5 mM KCl, 1 mM Na2HPO4, 1 mM MgCl2, 5 mM glucose, 1 mM CaCl2 and 10 
mM HEPES, pH 7.5) and loaded with 1.5 µl/ml Fluo-3/AM (4 mM in DMSO) for 30 min at 37°C. 
Samples were divided into 500 µl aliquots and changes in intracellular calcium concentrations in 
response to 0.5 µg/ml of CCL19, 50 µM ATP, 50 µM adenosine 0.02 µg/ml ionomycin, or combination 
thereof were acquired on a LSRII flow cytometer (BD Biosciences). In order to inhibit P2Y11 or A2a, 
moDCs were pre-treated with 250μM NF157 or 10μM A2a antagonist for 3h. For consumption of 
extracellular ATP and adenosine, cells were simultaneously stimulated and treated with 10 U/ml 
Apyrase or 10 U/ml Adenosine Deaminase. Changes in the fluorescence of Fluo-3 were recorded for a 
period of 300 seconds. 

Migration assays 
Cell migration on a 2-dimensional substrate was assessed by the 24-well TranswellTM Systems and 

polycarbonate filters with a pore size of 5µm (Corning Costar). Briefly, 1x105 cells were allowed to 
migrate for 3h to the lower compartment, containing 0.5µg/ml of either CCL19 or CCL21. Where 
indicated, endogenous ATP and adenosine gradients were obscured by addition of graded 
concentrations of ATP, ATPγS, adenosine, Suramin, PPADS, KN-62, o-ATP, NF-157, NF-340, NF-546 or 
A2a antagonist. To determine ATP origin, human mature moDCs were pretreated for 12h with 20 
mM creatin, which was renewed in the for the last 4 h, or for 4h with 0.4 μM oligomycin. Migrated 
cells were harvested and cell numbers were determined by flow cytometry. Cells which migrated 
spontaneously to the lower compartment in the absence of chemokines were subtracted. For 3D 
migration, 0.45x106 cells in 150μl medium were supplemented with 20 μl Matrigel (BD pharmingen) 
and seeded on top of 5µm (Corning Costar) 24-well TranswellTM System. Matrix was polymerized for 
15 min at 37°C and cells were allowed to migrate for 3h through the Matrix into the lower 
compartment. 

Proximity ligation assay 
Interaction of the components of CCR7 signal relay machinery (CCR7-A2a, CCR7-P2Y11, CCR7-

panx1, A2a-P2Y11) was examined using reagents from the Duolink® proximity ligation assay (Sigma-
Aldrich) following the manufacturer's instructions. Briefly, human moDCs in different stages 
(immature, 48h matured with CC, 48h matured with CC in the presence of PGE2) were fixed in 4% 
formaldehyde on microscopy glass slides, blocked in 3% BSA, permeabilized, washed and incubated 
in primary antibody diluted 1:50 in donkey serum for 2h. Slides were washed and secondary 
antibodies harboring short nucleotide sequences diluted 1:5 in antibody diluent were added for 1h at 
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37°C. Oligonucleotides were ligated at 37°C and rolling circle PCR with fluorescent nucleotides was 
performed for 2h. Slides were washed, nuclei stained with Hoechst and mounted. PLA was visualized 
using a Leica TCS SP5 II laser scanning confocal microscope using a 63x/1.4 NA oil-immersion 
objective (Leica). 3D reconstitution was performed by Imaris using confocal images of 0.13µm 
thickness. 

Quantitative real-time PCR 
Total RNA of MoDCs was isolated using the RNeasy Mini kit (Qiagen) and transcribed into cDNA 

using random hexamer primers and the Hi Capacity cDNA Reverse Transcription kit (Applied 
Biosystems). Amplification of transcripts was performed using the Fast SYBR Green PCR Master Mix 
on a 7900HT Fast Real-Time PCR System (Applied Biosystems) according manufacturer`s instructions. 
For detection of CCR7, CD38, CD39 and CD73 primer pairs were purchased from Qiagen. For 
quantification of P1 adenosine receptors and P2 nucleotide receptors 200nM of custom made primer 
pairs by Microsynth, Balgach that are listed in table1 were used.  

Immunostainings 
Following written informed consent, normal human skin was obtained from patients undergoing 

a surgical procedure. Use of healthy human skin was approved by the local institutional review board 
and ethical office. Double and triple immunofluorescence stainings were performed on 8μm-thick 
normal human fresh frozen skin or normal mouse back skin and mouse ear. Sections were fixed in 4% 
formaldehyde without methanol for 10 min, washed and blocked with 1:1 ratio of 20% donkey and 
rabbit Serum (Sigma-Aldrich). For detection of CCL21 sections were incubated with biotinylated anti-
CCL21 antibody (R&D systems) followed by Alexa647 donkey anti-goat antibody (Jackson 
immunoresearch) and Streptavidin-Cy (Invitrogen). Thereafter, the sections were incubated with 
anti-Lyve1 antibody (human: Abcam, mouse: R&D systems) and detected with Alexa568 goat anti-
rabbit and Cy3 donkey anti-rat antibody, respectively. Human CD73 positive lymphatic vessels were 
detected by triple stainings with primary antibodies against CCL21, Lyve-1 and CD73 (Abcam). In 
addition, anti-CD73 and anti-Lyve1 double stainings were performed analogously on mouse skin 
using anti-CD73 purchased from BD pharmingen. As controls an isotype matched goat IgG antibody 
(Abcam) were used. For staining of multi-protein CCR7 amplification loop, DCs adherent to glass 
cover slides were were fixed in 4% formaldehyde without methanol for 10 min, washed and blocked 
with 1:1 ratio of 20% donkey and rabbit Serum (Sigma-Aldrich). Receptors were stained using anti-
CCR7 (LifeSpan Biosciences), anti-A2a (Millipore) and anti-P2Y11 (Sigma-Aldrich) antibodies. After 
blocking, the tissue sections and cell cover slides were incubated with primary antibodies in 1:1 
ration 20% goat and rabbit serum for 2h at room temperature or overnight at 4°C. Second stage 
antibodies were incubated at room temperature for 60 minutes. All samples were mounted using 
polyvinyl alcohol mounting medium with DABCO (Sigma-Aldrich). Stainings were visualized using a 
Leica TCS SP5 II laser scanning confocal microscope using a 63x/1.4 NA oil-immersion objective 
(Leica). 3D reconstitution was performed by Imaris using confocal images of 0.13µm thickness. 

Detection of released ATP in bulk media 
2 million human mature moDC (+PGE2) were washed and resuspended in 200μl PBS. Mature 

moDCs were treated for indicated time points with 0.5μg/ml CCL19 or left untreated. Subsequent, 
supernatants (SN) were harvested by centrifugation at 4°C for 30s. Thereafter, SN were snap-frozen 
in liquid nitrogen. To decipher molecular mechanisms of CCR7 induced ATP release, mature moDCs 
were pre-incubated for 2h with indicated drugs: 10μM BrefeldinA, 10μM 18α-Glycyrrhetinic, 10μM 
Flufenamic acid, 100μM Gadolinium (III) chloride, 100μM Glybenclamide, 10μM Carbenoxolone 
disodium salt, 1 μM BafilomycinA. Extracellular ATP concentration was determined using ENLITEN 
Bioluminescence ATP Assay (Promega) according to manufacturer`s instructions. The luciferin-
luciferase reagent (100 μl) was added to the supernatant and chemiluminescence was measured 
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with an Infinite 200 pro 96 well microplate reader (Tecan). ATP concentration in each sample was 
determined by comparing the luminescence of samples with those of standards in the range of 10-10 
to 10-6 M. 

Visualization of ATP vesicles 
Human mature moDC (+PGE2) were pulsed for indicated time points with 10μM of the ATP 

analogs ATP STHA498 or ATP SUE12 (kindly provided by Marx Group) and acidified vesicles were 
stained with LysoTracker DND-99 for 30 minutes at 37°C. Cells were washed, fixed with 4% 
formaldehyde and mounted using polyvinyl alcohol mounting medium with DABCO (Sigma-Aldrich). 
Vesicles were visualized using a Leica TCS SP5 II laser scanning confocal microscope using a 63x/1.4 
NA oil-immersion objective (Leica). 3D reconstitution was performed by Imaris using confocal images 
of 0.13µm thickness. 

To decipher molecular identity of vesicles that were positive for the double labeled ATP probe 
ATP STHA517 (kindly provided by Marx Group), intra-molecular FRET efficiency was measured on a 
Leica TCS SP5 II confocal microscope by donor-recovery after acceptor photo-bleaching (AB) using 
the corresponding FRET-wizard of the Leica LSM software. Briefly, human mature moDCs were 
treated with 5 μM of the ATP analogs ATP STHA517 for indicated time points. Cells were fixed with 
4% formaldehyde, blocked in 3% BSA, washed and mounted in polyvinyl alcohol mounting medium 
with DABCO (Sigma-Aldrich). A pre-bleaching image was taken, acceptor of the whole cell was 
bleached at 100% laser intensity and FRET efficiency was calculated for each pixel with FRETeff = (Dpost 

bleach – Dpre bleach)/Dpost bleach using the macro of the FRET-AB wizard using a Leica TCS SP5 II laser 
scanning confocal microscope using a 63x/1.4 NA oil-immersion objective (Leica). 

To monitor vesicle trafficking during cell migration we used self-constructed migration chambers 
according to 367. Briefly, 2 million human mature moDCs (+PGE2) were pulsed for 1h with the ATP 
analog MANT-ATP (Invitrogen), washed and 200 μl cell suspension were supplemented with 50 μl 
Matrigel (BD pharmingen). Matrigel-cell suspension were polymerized for 15 min and overlayed with 
1μg/ml CCL19. Migrating cells and MANT-ATP positive vesicles were monitored on an inverted Zeiss 
Axiovert 200 microscope for a duration of 1h. Contrast and brightness of images were simultaneously 
adjusted with Adobe Photoshop CS6. 

Statistical evaluation 
Significant differences between groups were assessed using ANOVA with either Tukey or Dunnett 

post-test using GraphPad Prism 6. *p<0.05, ** p<0.01, ***p<0.001  

Table: primer sequences used for qRT PCR 

   
Primer (5` --> 3`) 
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A1 A1 S GCGAGTTCGAGAAGGTCATC 

A1 AS GCTGCTTGCGGATTAGGTAG 

A2a A2a S CTTGGGTTCTGAGGAAGCAG 

A2a AS TGCTCTGTGGAGACAAGGTG 

A2B A2B S ATGGAACCACGAATGAAAGC 

A2B AS GGGGACCACATTCTCAAAGA 

A3 A3 S TGTTTGGCTGGAACATGAAA 

A3 AS ATTGGCATGAAAGGAAGGTG 
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P2X1 P2X1 S GCGTAATAAGAAGGTGGGCGTTA 

P2X1 AS GCCGCTCGAGGTCTGGTA 

P2X2 P2X2 S CAGGTTTGCCAAATACTACAAGATCA 

P2X2 AS AACTTCCCGGCCTGTCCAT 

P2X3 P2X3 S TGTAGGGTGGGTTTTCTTGC 
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P2X3 AS GGTTACCACCGAGGACTCAA 

P2X4 P2X4 S CATCATCCCCACTATGATCAACA 

P2X4 AS AGCACGGTCGCCATGC 

P2X5 P2X5 S CGCTGGGGAAGCGGTTA 

P2X5 AS GCACCAGGCAAAGATCTCACA 

P2X6 P2X6 S CACTGCCGCTATGAACCACAA 

P2X6 AS CGAAGGTCCCTCCAGCCTT 

P2X7 P2X7 S ATCGGCTCAACCCTCTCCTAC 

P2X7 AS CTGGAGTAAGTGTCGATGAGGAAG 

P2Y1 P2Y1 S CGTGCTGGTGTGGCTCATT 

P2Y1 AS GGACCCCGGTACCTGAGTAGA 

P2Y2 P2Y2 S CGGTGGACTTAGCTCTGAGG 

P2Y2 AS GCCTCCAGATGGGTCTATGA 

P2Y4 P2Y4 S TGTCCTTTTCCTCACCTGCAT 

P2Y4 AS TGCCCGAAGTGGGTGG 

P2Y6 P2Y6 S CCTGCCCACAGCCATCTT 

P2Y6 AS GGCTGAGGTCATAGCAGACAGTG 

P2Y11 P2Y11 S GTTGGTGGCCAGTGGTGTG 

P2Y11 

AS 

TTGAGCACCCGCATGATGT 

P2Y12 P2Y12 S AACTGGGAACAGGACCACTG 

P2Y12 

AS 

TAAATGGCCTGGTGGTCTTC 

P2Y13 P2Y13 S AGGGCTCATAGCCTTTGACA 

P2Y13 

AS 

GATCGTATTTGGCAGGGAGA 

P2Y14 P2Y14 S TCTTTTACGTGCCCAGCTCT 

P2Y14 

AS 

GGCTCATCACAAAGTCAGCA 
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Results: Ubiquitylation of the chemokine receptor CCR7 

enables efficient receptor recycling and migration 

Karin Schaeuble1, Mark A. Hauser1, Alexandra V. Rippl1, Roland Bruderer2, Carolina Otero3, 

Marcus Groettrup 1,3 and Daniel F. Legler1,* 

1 Biotechnology Institute Thurgau (BITg) at the University of Konstanz, Kreuzlingen, 
Switzerland, 2 Dualsystems Biotech AG, Schlieren, Switzerland 3 Department of Biology, Chair 
of Immunology, University of Konstanz, Konstanz, Germany 

Published in:  J Cell Sci. 2012 Oct 1;125(Pt 19):4463-74. doi: 10.1242/jcs.097519. 

 

 

 

 

 

 

 

 
Author Contributions 
K.S. and D.F.L. designed the studies and wrote the manuscript. K.S., M.A.H, A.V.R. and C.O. 
performed all experiments and analysed the data. R.B. performed mass-spectometry 
analysis. M.G. helped to develop concept. D.F.L supervised the overall study. 
 

The chemokine receptor CCR7 is essential for lymphocyte and dendritic cell 

homing to secondary lymphoid organs. Due to the ability to induce directional 

migration, CCR7 and its ligands CCL19 and CCL21 are pivotal for the regulation of the 

immune system. Here, we identified a novel function for receptor ubiquitylation in 

the regulation of the trafficking process of this G protein-coupled seven 

transmembrane receptor. We discovered that CCR7 is ubiquitylated in a constitutive, 

ligand-independent manner and that receptor ubiquitylation regulates the basal 

trafficking of CCR7 in the absence of chemokine. Upon CCL19 binding, we show that 

internalised CCR7 recycles back to the plasma membrane via the trans-Golgi network. 

An ubiquitylation-deficient CCR7 mutant internalised normally after ligand binding, 

but inefficiently recycled in immune cells and was transiently retarded in the TGN 

compartment of HEK293 transfectants. Finally, we demonstrate that the lack of CCR7 

ubiquitylation profoundly impaired immune cell migration. Our results provide 

evidence for a novel function of receptor ubiquitylation in the regulation of CCR7 

recycling and immune cell migration. 
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Introduction 

Chemokine receptors represent a family of seven-transmembrane spanning, G protein-

coupled receptors which interact with chemotactic cytokines termed chemokines. 

Chemokine receptor triggering results in the onset of complex intracellular signalling 

cascades leading to cell polarization and migration towards the chemokine source203. Cell 

migration is pivotal for the induction of immune responses and hence is tightly regulated227. 

The chemokine receptor CCR7 is mainly expressed on naïve lymphocytes and mature 

dendritic cells and responsible for the homing of these cells to secondary lymphoid organs 

where dendritic cells present the acquired antigens to T cells86. CCR7 has two known ligands, 

CCL19 and CCL21, which are both constitutively expressed by stroma cells in lymphoid 

tissues9. Stimulation of CCR7 with either ligand was shown to similarly induce cell migration 

of primary T cells81, 165 and 300-19 transfectants12, 91, G protein activation in H9 T cells77, ERK-

1/2 phosphorylation in HEK293 transfectants77, and calcium mobilisation in primary T cells as 

well as various T cell lines (CEM, HuT78, H9) and HEK293 or 300-19 transfectants12, 77, 81, 368. 

In contrast, only CCL19 triggering resulted in CCR7 phosphorylation on serine/threonine 

residues in HEK293 transfectants77 and ß-arrestin2 binding77, 206, 369, which subsequently 

leads to profound receptor internalisation in primary T cells and monocyte-derived dendritic 

cells12, 81, as well as various cell lines and transfectants12, 81, 206. Interestingly, CCR7 

internalisation was also observed by CCL21, but only at higher chemokine concentration and 

receptor endocytosis was about five times less efficient compared to CCL1912, 369. Recently, a 

biased ligand model for CCL19 and CCL21 was proposed where both chemokines are able to 

recruit β-arrestin2 to CCR7 in HEK293 transfectants by activating G protein-coupled receptor 

kinase 6 (GRK6), resulting in ERK-1/2 phosphorylation, whereas only CCL19 was able to 

additionally activate GRK3 leading to β-arrestin2-dependent CCR7 internalisation76. Using 

primary T cells and HEK293 transfectants, we recently demonstrated that CCR7 together 

with CCL19 are jointly internalised through clathrin-coated pits and subsequently 

transported to early endosomes12. Internalised CCR7 recycled back to the plasma membrane 

of primary T cells as well as (transfected) cell lines12, 81 to re-participate in cell migration, 

whereas CCL19 was sorted to lysosomes for degradation12. 

Ubiquitin is a small protein modifier with a variety of cellular functions that conjugates to 

different target proteins through a covalent bond between the C-terminal glycine of 
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ubiquitin and the side chains of lysine on target proteins. Target proteins can either be 

monoubiquitylated at a single lysine residue, multiubiquitylated where single ubiquitin 

molecules are attached to multiple lysines, or polyubiquitylated where additional ubiquitin 

molecules are conjugated to different lysine residues of protein-attached ubiquitins370, 371. 

The different kinds of ubiquitin modifications already indicate the distinct physiological 

function of each ubiquitylation. K48-polyubiquitylation, for instance, is the most common 

modification leading predominantly to proteasomal degradation of the target protein372. 

Mono- and multiubiquitylation are mainly involved in DNA repair, cell-cycle progression, 

apoptosis, autophagy, virus budding or receptor endocytosis370, 371, 373. That ubiquitylation 

can regulate transmembrane receptor trafficking was first described in yeast374, 375. More 

recent studies in mammalian cells demonstrated that ubiquitylation of transmembrane 

receptors, including GPCRs, does not primarily serve as an endocytosis signal, but rather 

targets internalised receptors to degradative cell compartments371 , 376, 377.  

So far, ubiquitylation of chemokine receptors was demonstrated for CXCR4378-380. Upon 

CXCL12 binding, CXCR4 was ubiquitylated by the E3 ubiquitin ligase AIP4, resulting in 

lysosomal sorting and subsequent degradation of CXCR4378, 379. Interestingly, CXCL12 was 

shown to recruit the de-ubiquitylation enzyme USP14 to CXCR4, thereby regulating CXCR4 

degradation and cell migration381. In addition, depletion of the de-ubiquitylation enzyme 

USP8 was found to stabilise CXCR4 surface expression without affecting receptor 

ubiquitylation, indicating a role of USP8 in CXCR4 trafficking and degradation382. In contrast, 

lysosomal degradation of the chemokine receptors CXCR2 and CXCR3 was independent of 

receptor ubiquitylation383, 384. Whereas ligand-induced sorting of CXCR2 to lysosomes was 

mediated by Rab7385, CXCR3 underwent constitutive lysosomal sorting and degradation in 

the absence of ligands384. The role of ubiquitylation in function and trafficking of the homing 

chemokine receptor CCR7 has not been addressed until the present study. 
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Results 

The chemokine receptor CCR7 is constitutively ubiquitylated 

Ubiquitylation of transmembrane receptors can act as endocytosis or sorting signal371. 

The chemokine receptor CCR7 is rapidly internalised upon CCL19 binding, whereas about 

80% of the receptor remains at the plasma membrane upon CCL21 activation12, 369. In order 

to investigate whether ubiquitylation regulates CCR7 trafficking, we stably expressed human 

CCR7 with a C-terminal HA tag in HEK293 cells. These cells were transiently transfected with 

a 3xFlag-tagged ubiquitin construct and incubated in the absence or presence of either CCR7 

ligand for 30 min at 37°C. CCR7 was immunoprecipitated from cell lysates and ubiquitylated 

CCR7 detected by Western blot analysis using an anti-Flag antibody. We found that CCR7 

was constitutively ubiquitylated (Fig. 1A). Ubiquitylated CCR7 appeared as a smear at higher 

molecular masses, indicating receptor polyubiquitylation. Surprisingly, CCR7 ubiquitylation 

only slightly increased after stimulation with either ligand, CCL19 or CCL21. The signal was 

specific as no ubiquitin smear was detected in immunoprecipitates derived from cells lacking 

CCR7. We confirmed the ubiquitylation of CCR7 with endogenous ubiquitin (Fig. 1B). 

Conjugation of endogenous ubiquitin to CCR7 was again observed in non-stimulated, as well 

as chemokine stimulated cells. Due to the lack of appropriate antibodies, we were unable to 

assess ubiquitylation of endogenous CCR7. 

Conjugation of ubiquitin to a target protein requires three different enzymes: an E1 

ubiquitin-activating enzyme, an E2 ubiquitin conjugating enzyme and an E3 ubiquitin ligase, 

of which the latest provides the specificity as it recognises the substrate386. Only a few E3 

ligases are described for integral membrane proteins, including AIP4, which ubiquitylates the 

chemokine receptor CXCR4379. In an attempt to identify the E3 ubiquitin ligase for CCR7, we 

knocked down the expression of the most promising candidates by siRNA, including AIP4, 

NEDD4-L, NEDD4 and Cbl-b379, 387-389. However, neither of these turned out to be the major 

E3 ligase for CCR7 ubiquitylation (Fig. S1). 

We next investigated on the ubiquitin linkage to gain insights into the function of this 

receptor modification. K48-linked polyubiquitin chains mainly target proteins to proteasomal 

degradation, whereas K63-linked ubiquitylation often serves as signal for receptor 

endocytosis 371. Thus, we generated two ubiquitin mutants that prevent K48-mediated 
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(K48R-Ub) or K63-mediated (K63R-Ub) ubiquitylation. As shown in Fig. 1C, K48R-Ub 

preferentially attached to CCR7 compared to K63R-Ub and wildtype ubiquitin, indicating that 

ubiquitin linkage via K48 is not the preferred one for CCR7 ubiquitylation.  

Figure 1. CCR7 is 
constitutively 

polyubiquitylated 
(A) Non-transfected, 

wildtype (wt) HEK293 or 
HEK293 cells stably expressing 
CCR7-HA were transiently 
transfected with 3xFlag-
ubiquitin. 48 h after 
transfection, cells were either 
stimulated for 30 min with 
1µg/ml of the indicated 
chemokine or left untreated. 
Subsequently, cells were lysed 
and HA-tagged CCR7 was 
immunoprecipitated using 
anti-HA-agarose. CCR7 and 
receptor-associated ubiquitin 
were detected with HRP-
coupled anti-HA and anti-Flag 
antibodies. Cell lysates were 
immunoblotted for ubiquitin to 
control for differences in 
transfection efficiency (input). 
A representative blot out of 
four independent experiments 
is shown. (B) HA-tagged CCR7 
was immunoprecipitated from 
chemokine stimulated or non-
stimulated HEK293 cells 
transiently transfected with 
3xFlag-ubiquitin and 
endogenous ubiquitin attached 
to CCR7 was determined using 
a monoclonal anti-ubiquitin 
antibody. (C) HEK293-CCR7-HA 
cells were transiently 
transfected with either 3xFlag-
ubiquitin, 3xFlag-K48R-
ubiquitin, or 3xFlag-K63R-
ubiquitin, stimulated with 
indicated ligands for 30 
minutes, lysed and CCR7 was 

immunoprecipitated using anti-HA-agarose. Ubiquitylated CCR7 was detected by immunoblotting 
using the anti-Flag antibody M2 conjugated to HRP. Similar results were obtained in four 
independent experiments. 
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Fig. S1. The Nedd4 family of E3 ubiquitin ligases and Cbl-b are not responsible for CCR7 
ubiquitylation HEK293-CCR7-HA cells were transfected using the X-tremeGENE siRNA Transfection 
Reagent (Roche, Basel, Switzerland) with siRNA for different E3 ubiquitin ligases, including AIP4 (A), 
NEDD4-L (A), NEDD4 (B) and Cbl-b (C). For each ligase a mixture of four different siRNAs sequences 
(Hs_NEDD4_3, Hs_NEDD4_4, Hs_NEDD4_7, Hs_NEDD4_8; Hs_NEDD4L_3, Hs_NEDD4L_5, 
Hs_NEDD4L_6, Hs_NEDD4L_10; Hs_ITCH_1, Hs_ITCH_3, Hs_ITCH_5, Hs_ITCH_6; Hs_CBLB_1, 
Hs_CBLB_2, Hs_CBLB_3Hs_CBLB_5; AllStars Negative Control siRNA, Qiagen, Hombrechtikon, 
Switzerland) was transfected to gain efficient knock-down of the targeted mRNA. Where indicated, 
cells were additionally transfected with 3xFlag-ubiquitin at day one after siRNA transfection. On day 
2, cells were harvested and samples were splitted to either prepare lysates or to isolate mRNA to 
determine the knock-down efficiency. mRNA was isolated using a RNA isolation kit (RNeasy Mini Kit, 
Qiagen) following the manufacture’s instructions. Next, 1µg mRNA was transcribed into cDNA using 
the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, USA). Equal 
amounts of cDNA were used to perform quantitative real-time-PCR on an Applied Biosystems 7900-
HT Fast Real-Time PCR Cycler using Fast SYBRGreen PCR kit (Applied Biosystems) with specific 
primers for hNEDD4 (Hs_NEDD4_1_SG QuantiTect Primer Assay), hNEDD4-L (Hs_NEDD4L_1_SG 
QuantiTect Primer Assay), hAIP-4 (Hs_ITCH_1_SG QuantiTect Primer Assay) or hCbl-b (Hs_CBLB_1_SG 
QuantiTect Primer Assay). Expression levels were normalized to the housekeeping gene GAPDH 
(primers Hs_99999905_m1). Residual cells were lysed and CCR7 was immunoprecipitated, using anti-
HA-agarose. Ubiquitylation of the receptor was determined by immunoblotting with the HRP-
coupled anti-Flag antibody M2. To control the knock-down efficiency on protein level, lysates were 
additionally immunoblotted to detect the respective ligase. The same blots were striped and ß-actin 
was detected to assure equal proteinloading. 

An ubiquitylation-deficient CCR7 mutant is expressed at the plasma membrane and elicits 

chemokine-mediated ERK activation 

So far we can not fully rule out that an ubiquitylated protein associated with CCR7 might 

account for the smear observed in Fig. 1. To address this possibility and to identify the 

function of CCR7 ubiquitylation, we created a lysineless receptor mutant. Pursuant to the 
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topology prediction by Swiss-Prot (www.expasy.org/sprot/), CCR7 harbours seven 

cytoplasmic lysine residues that could potentially be ubiquitylated (Fig. 2A). We cloned HA-

tagged CCR7-7K7R in which all seven lysine residues were replaced by arginines and stably 

expressed it in HEK293 cells. CCR7-7K7R-HA was properly inserted into the plasma 

membrane and surface expression levels were comparable to wildtype CCR7 as determined 

by flow cytometry (Fig. 2B). Immunoprecipitation studies in cells expressing either HA-

tagged CCR7 or CCR7-7K7R together with 3xFlag-ubiquitin revealed a virtually complete loss 

of ubiquitylation in the lysineless CCR7 mutant (Fig. 2C). To gain further evidence that CCR7 

is directly ubiquitylated, we subjected affinity purified, trypsin-digested CCR7 to mass 

spectrometry analysis. Analysis of the multiple fragmentation spectra clearly identified a 

direct ubiquitylation site as manifested by a di-glycine modification (derived from ubiquitin) 

on lysine 342 of CCR7 (Fig. S2). We cannot exclude that additional lysine residues might be 

ubiquitylated as the sequences identified by mass spectrometry covered about 15-26% of 

the total CCR7 sequence. However, our data prove that CCR7 is directly ubiquitylated. 

Fig. S2. Identification of direct ubiquitylation of CCR7 by mass spectrometry HEK293 cells 
expressing strep-tagged CCR7 were lysed in the presence of protease inhibitor and iodoacetamide. 
Subsequently, a two-step purification was performed, first a strep affinity purification, followed by an 
anti-ubiquitin (clone FK2) affinity purification. Eluates were digested with trypsin and analysed by 
mass spectrometrical analysis using a LTQ Orbitrap XL. The raw data was analysed with Maxquant as 

http://www.expasy.org/sprot/
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described (Cox, J. and Mann, M. (2008) MaxQuant enables high peptide identification rates, 
individualized p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat 
Biotechnol 26, 1367-72). An ubiquitylation site (di-glycine modification) was identified on lysine 342 
of CCR7 with high confidence in multiple fragmentation spectra of three replicas (precursor charge 
3+, mass: 607.64897 m/z, Mass Error [ppm] -0.43121, Maxquant score 258.11).  

 

As chemokine-mediated activation of the MAP-kinases ERK-1/2 is one of the most 

established, early signalling events, we next investigated whether CCR7 ubiquitylation 

influences ERK-1/2 activation. Therefore, we stimulated HEK293 transfectants with either 

CCL19 or CCL21 for different time points and determined ERK-1/2 phosphorylation by 

Western blotting. As depicted in Fig. 2D, CCR7-7K7R expressing cells elicited a profound 

chemokine-mediated ERK-1/2 phosphorylation which was more sustained compared to cells 

expressing wildtype CCR7. No chemokine-mediated ERK-1/2 activation, however, was 

detectable anymore after 20 minutes of stimulation, neither in CCR7 nor in CCR7-7K7R 

expressing cells (data not shown). As sustained ERK-1/2 activation in CCR7-7K7R could result 

from an enhanced affinity of the chemokine, we incubated cell transfectants with increasing 

concentrations of CCL19-Fc12 and determined binding by flow cytometry. However, CCL19-Fc 

bound with similar affinities to CCR7 (KD: 21.1±5.0 nM) and CCR7-7K7R (KD: 40.9±6.7 nM). 

Ubiquitylation of CCR7 is critical for receptor recycling in 300-19 B cells 

Next, we investigated the role of ubiquitylation in CCR7 trafficking. To this end, we 

generated immune cell lines expressing the two CCR7 forms. We used the commonly used 

pre-B cell line 300-19 that does not endogenously express CCR712, 91, 368. Stimulation of CCR7 

expressing 300-19 cells with CCL19 provoked rapid and profound receptor endocytosis (Fig. 

3), confirming previous studies using cell lines and primary T cells12, 81, 206, 368. Interestingly, 

CCL19-mediated CCR7-7K7R endocytosis was comparable to that of CCR7 (Fig. 3). CCR7 

internalisation by CCL21 occurs only at elevated chemokine concentrations and is about five 

times less efficient compared to CCL19 leaving about 80% of the receptor at the cell surface 

upon CCL21 stimulation12, 369. Similarly, CCL21-mediated endocytosis of CCR7-7K7R was 

about 4.5 times less efficient than CCL19-mediated internalisation. These results provide 

evidence that ubiquitylation is not a signal to induce CCR7 internalisation.  

To determine receptor recycling, chemokine-triggered cells were washed extensively and 

incubated for 1 or 2 h in the absence of ligands to permit receptor re-expression at the cell 
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surface. As expected, CCR7 recycled back to the plasma membrane reaching again 70% cell 

surface expression after 1 h (Fig. 3 and reference12, 368). In contrast, CCR7-7K7R failed to 

efficiently recycle back to the plasma membrane after removing of the ligand (Fig. 3). Also 

after 2 h, only a minor fraction of lysineless CCR7 re-appeared at the cell surface (Fig. 3), 

indicating that impaired ubiquitylation strongly impaired and decelerated the recycling 

process in immune cells.  

Figure 2. A lysineless, 
ubiquitylation-deficient 

CCR7-7K7R mutant elicits 
Erk phosphorylation 
(A) Schematic representation 

of CCR7. Predicted intracellular 

lysine residues, representing 

putative ubiquitin conjugation 

sites, are highlighted and were 

mutated to arginine to 

generate the lysineless CCR7-

7K7R mutant. (B) HEK293 cells 

stably expressing either CCR7-

HA or CCR7-7K7R-HA were 

stained with a biotin-

conjugated CCR7-specific 

antibody followed by PE-

labeled streptavidin. Cell 

surface expression was 

monitored by flow cytometry. 

Solid lines depict control staining with PE-streptavidin in the absence of primary antibody. 

Experiments were reproduced at least four times revealing similar results. (C) HEK293 cells, either 

non-transfected (wildtype, wt) or expressing CCR7-HA or 7K7R-CCR7-HA, respectively, were 

transiently transfected with 3xFlag-ubiquitin. 48 h later, cells were lysed and HA-tagged CCR7 was 

immunoprecipitated using anti-HA-agarose. Receptor ubiquitylation was detected with the anti-Flag 

antibody M2. (D) HEK293 cells expressing CCR7-HA or CCR7-7K7R-HA were stimulated for indicated 

time points with 100 ng/ml chemokine at 37°C and subsequently lysed. Total cell lysates were 

immunoblotted for phospho-ERK-1/2. Reprobing of the stripped blot with a total ERK-1/2 antibody 

served as loading control. 
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Figure 3. Ubiquitylation-deficient 
CCR7 displays strongly impaired 
receptor recycling in 300-19 B cells  
300-19 B cells stably expressing similar 
amounts of HA-tagged CCR7 or CCR7-
7K7R were incubated with 2 µg/ml 
CCL19 for 30 min to induce receptor 
endocytosis. For receptor recycling, 
CCL19-stimulated cells were washed 
extensively to remove unbound ligand 
and further incubated for 1 or 2 h in 
the absence of chemokine facilitating 
the receptor to recycle back to the 
plasma membrane. Cells were placed 
in cold PBS and surface expression of 
CCR7 was assessed by staining with a 
specific antibody at 4°C and analysed 
by flow cytometry. (A) Histograms of a 
representative experiment showing 
basal receptor expression before 
chemokine stimulation (black bold 
line) together with either endocytosed 
or recycled receptor levels (grey) are 
shown. Thin grey lines represent 
isotype control straining. (B) Relative 
CCR7 surface expression after 
endocytosis and recycling as 
percentage of untreated cells. Mean 
values ± SEM of at least nine 
independent experiments are depicted 
as relative expression of untreated 
cells. Statistical significances were 
analysed performing a Kruskal-Wallis 
test (nonparametric ANOVA) with 
Dunn post test. *p<0.05; ***p<0.001; 
n.s. not significant. 

Efficient CCR7 ubiquitylation is important for constitutive receptor trafficking 

As CCR7-7K7R showed abnormal trafficking, we generated GFP-tagged CCR7 and its 

lysineless mutant to visualise their intracellular localisation in HEK293 cells, a cell line 

routinely used to study chemokine receptor trafficking. We have shown previously that C-

terminal fusion of GFP to CCR7 has no adverse effects on receptor signalling and 

trafficking12. As expected, ligand-induced receptor endocytosis was comparable in HEK293 

cells expressing CCR7-GFP and CCR7-7K7R-GFP (Fig. S3A,B). About 50% of internalized CCR7-

GFP recycled back to the plasma membrane after 1 h of ligand removal (Fig. S3B). CCR7 
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trafficking is less efficient in HEK293 cells compared to 300-19 cells and primary 

lymphocytes, as described previously12, 81. CCR7-7K7R-GFP inefficiently recycled after 1 h but 

steadily re-appeared at the plasma membrane after 2 and 4 h (Fig. S3B). These data indicate 

that trafficking efficiencies vary for an unknown reason among different cell types. Next, we 

investigated lysosomal localization of CCR7 and its lysineless mutant by confocal microscopy, 

as ubiquitylation is a known lysosomal targeting signal. Under basal, chemokine-free 

conditions, neither CCR7-GFP nor CCR7-7K7R-GFP co-localised with the lysosomal marker 

LAMP1 (Fig. 4A). CCR7-GFP was also not detected in the lysosomal compartment after 

CCL19-mediated receptor internalisation and subsequent incubation in the absence of 

ligands (Fig. 4A), confirming previous observations12. Similarly, no co-localisation of CCR7-

7K7R-GFP with LAMP1 was detectable after CCL19 stimulation (Fig. 4A), indicating that the 

lysineless receptor variant is also not degraded in lysosomes and that ubiquitylation is not a 

lysosomal targeting signal for CCR7. To further support this finding, we investigated receptor 

degradation by Western blot analysis in cells additionally treated with cycloheximide to 

prevent receptor neosynthesis. As depicted in Fig. 4B, neither HA-tagged CCR7 nor CCR7-

7K7R was degraded upon chemokine stimulation for different time points. In contrast, 

transiently transfected HA-tagged FAT10, a short-lived ubiquitin-like modifier, was no longer 

detectable after 5 h of cycloheximide treatment thus validating the conditions of monitoring 

protein degradation by cycloheximide chase (data not shown). Furthermore, we also found 

no evidence for ligand-induced receptor degradation by measuring the fluorescence of GFP-

tagged receptors by flow cytometry (Fig. 4C). Thus, we further investigated the fate of CCR7 

and its lysineless mutant after initial internalisation steps. We described previously that 

CCR7 rapidly internalised after CCL19 triggering via clathrin-coated pits and subsequently 

localized in transferrin-positive endosomes12. 
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Fig. S3. Retarded recycling of internalised CCR7-7K7R-GFP (A) Comparable cell surface 
receptor expression of CCR7-GFP and CCR7-7K7R-GFP in stably transfected HEK293 cells was 
assessed by flow cytometry. (B) Ligand-mediated endocytosis and recycling of CCR7 was determined 
in cells stimulated with 2µg/ml CCL19 for 30 min. For receptor recycling, CCL19-stimulated cells were 
washed extensively to remove unbound ligand and further incubated for 1 to 4h in the absence of 
chemokine. Cells were subsequently put on ice and the surface expression levels of CCR7 were 
determined by flow cytometry. Bar graphs indicated the result of five (2 & 4h recycling) to twelve 
independent experiments. (C,D) Stably transfected HEK293-CCR7-GFP and CCR7-7K7RGFP cells were 
incubated for 30 min with CCL19, washed extensively to remove unbound chemokine and incubated 
in media for 4 h. Cells were fixed and stained for either EEA1 (C) or TGN46 (D). Images are 
representatives of several cells examined in at least two independent experiments. Scale bars are 10 
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escence in EEA1- or TGN46-positive compartments, 
respectively, was determined and normalized to the overall mean GFP fluorescent of the cell as 
described in the method section. The values derived from CCR7-7K7R-GFP and CCR7-GFP expressing 
cells from the indicated stimulations were normalized to the GFP value of the untreated(constitutive) 
control value of the corresponding cell type and depicted as relative GFP fluorescence. For statistical 
analysis (B-D), data were subjected to a One-way ANOVA with Bonferroni multiple comparison post 
test. *p<0.05; **p<0.01; ***p<0.001; n.s. not significant   

 

Figure 4. Ubiquitylation of CCR7 is not a sorting signal to lysosomes for degradation 
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(A) CCR7-GFP or CCR7-7K7R-GFP (shown in green) in a non-stimulated, constitutive state and 
after recycling was visualized in HEK293 cells by confocal microscopy. Lysosomal compartments were 
stained using a LAMP1 antibody (in red). Images are representative of many cells examined in three 
separate experiments. Scale bars are 10 µm. (B) HEK293 cells stably expressing HA-tagged CCR7 or 
CCR7-7K7R were treated either with 50µg/ml cycloheximide (CHX) or its solvent control (DMSO) and 
stimulated with 2µg/ml CCL19 or CCL21, respectively. Cells were lysed after indicated time periods 
and CCR7 expression was determined by Western blotting using an anti-HA antibody. Blots were 
stripped and reprobed with an anti-actin antibody to ensure equal protein loading. A representative 
result out of three independent experiments is depicted. (C) HEK293 cells stably transfected with 
CCR7-GFP or CCR7-7K7R-GFP were treated with 2µg/ml CCL19 or CCL21 for indicated time periods in 
the absence or presence of CHX. Fluorescence of GFP was assessed by flow cytometry. Mean values ± 
SEM of at least three independent experiments are shown. 

 

Here, we demonstrate that a small but significant fraction of CCR7-GFP co-localised with 

the early endosomal marker EEA1 already in the absence of ligand (Fig. 5A). The amount of 

CCR7-GFP containing structures was very low but consistent in all cells expressing CCR7-GFP 

analysed. Strikingly, in the absence of chemokine, the lysineless CCR7 was hardly detectable 

in early endosomal vesicles. Under constitutive conditions, the amount of EEA1 positive 

structures, containing the lysineless receptor mutant was reduced in comparison to wild 

type receptor expressing cells (Fig. 5B). These observations suggest that one function of 

ubiquitylation is to control CCR7 steady-state surface expression. Next, we determined early 

endosome localisation of the receptor after 10 and 30 min of CCL19 treatment. Substantial 

receptor internalisation and localization in early endosomal vesicles was detected for both, 

CCR7 and its lysineless mutant (Fig. 5A). To investigate the storage period of the chemokine 

receptors in the early endosomal compartment, we treated the cells for 30 min with CCL19, 

removed the ligand and incubated the cells in the absence of chemokines. Some CCR7-GFP 

still colocalised with EEA1 after 1 h (Fig. 5A) and 4 h (Fig. S3C), but the proportion was 

reduced compared to the initial 30 min after receptor triggering. Furthermore, CCR7-GFP 

was additionally found in globular structures that did not stain for EEA1 anymore, which 

presumably represent recycling compartments. The amount of EEA1 positive, CCR7-7K7R-

GFP-containing structures left after 1 h (Fig. 5A) and 4 h (Fig. S3C) of ligand deprivation was 

also reduced; but a profound accumulation of CCR7-7K7R-GFP was observed in the 

perinuclear region of the cell. To test, whether binding of CCL19 to CCR7 and its mutant is 

differentially sensitive to the reduced pH of endosomes, we performed CCL19-Fc binding 

studies at a pH of 5.5 as found in early endosomes. At this reduced pH, CCL19-Fc binding was 

significantly reduced but there was no difference of CCL19-Fc binding to CCR7 compared to 
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CCR7-7K7R (data not shown). This finding is in line with a previous study showing that CCL19 

dissociates from CCR7 in endosomes to be sorted for lysosomal degradation whereas the 

receptor is recycled12. 

CCR7 recycles via the trans-Golgi network where its lysineless mutant transiently 

accumulates 

Several putative accumulation sites and hence different trafficking possibilities for 

transmembrane receptors have been described, including the sorting endosomes, the 

endosomal recycling compartment (ERC) and the Golgi apparatus380, 390. We demonstrated 

previously that CCR7 colocalised with transferrin receptor, indicating recycling via the ERC12. 

According to the data depicted in Figs. 4, 5, internalised CCR7 passed the perinuclear region 

on the way to the plasma membrane. In order to address whether endocytosed CCR7 passes 

the Golgi compartment on its route back to the plasma membrane, we carried out a series of 

colocalisation experiments using a GIANTIN-specific antibody as marker for the Golgi-

apparatus and a TGN46-specific antibody to stain the trans-Golgi compartment. In the 

absence of chemokines a small fraction of CCR7-GFP was observed at the TGN, whereas the 

lysineless CCR7 mutant was only marginally detected in this region (Fig. 6). This observation 

supports a function of receptor ubiquitylation in constitutive receptor trafficking. After 

CCL19 triggering and subsequent recycling, CCR7-GFP partially co-localised with TGN46, 

indicating that the receptor recycle back to the plasma membrane via the trans-Golgi 

compartment. Interestingly, CCR7-7K7R-GFP profoundly co-localised with the trans-Golgi 

marker TGN46 1 h after ligand removal (Fig. 6A) and the intensity of co-localisation was 

significantly higher than for CCR7-GFP (Fig. 6B). Two and 4 hours after ligand deprivation a 

portion of CCR7-7K7R-GFP still co-localised with TGN46 (Figs 6, S3D). Furthermore, we 

observed a slight overlap in the fluorescence of the internalised ubiquitylation-deficient 

CCR7 mutant and GIANTIN especially at late time points after ligand treatment, implicating 

that internalised CCR7-7K7R was still present within the Golgi region. Intracellular CCR7-GFP 

was found in close vicinity of GIANTIN, but did not really localise within the Golgi apparatus 

(Fig. 6). The reduced number of CCR7-7K7R-containing globular recycling compartments 2 h 

after ligand treatment additionally strengthen the assumption that ubiquitylation plays a 

role for the anterograde trafficking of CCR7 away from the trans-Golgi network back towards 

the plasma membrane. 
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Figure 5. Constitutive receptor trafficking, but not chemokine-mediated initial 
internalisation steps, is impaired in ubiquitylation-deficient CCR7 (A) HEK293 cells stably 
expressing either CCR7-GFP or CCR7-7K7R-GFP (shown in green) were either left untreated 
(constitutive) or incubated for 10 or 30 min with CCL19. For receptor recycling, cells were incubated 
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for 30 min with CCL19, extensively washed to remove unbound ligand and incubated in chemokine-
free media for an additional hour to permit receptor recycling back to the plasma membrane. 
Subsequently cells were fixed, permeabilised, immunostained for EEA1 (in red) and imaged by 
confocal microscopy. Images are representative of many cells examined in three separate 
experiments. Scale bars are 10 μm. (B) For quantification, mean GFP fluorescence in EEA1 positive 
compartments was determined and normalized to the overall mean GFP fluorescent of the cell as 
described in the method section. The ratio of these values derived from CCR7-7K7R-GFP and CCR7-
GFP expressing cells is shown as Fluorescence ratio. Data were statistically evaluated using the two-
tailed Man-Whitney-Test. *p<0.05. 

Impaired migration of immune cells expressing the lysinless CCR7 mutant 

To investigate the impact of receptor ubiquitylation on cell migration, we first performed 

2D TranswellTM chemotaxis assays. CCR7-HA expressing 300-19 cells migrated in a dose-

dependent manner in response to both chemokines, CCL19 and CCL21, as expected (Fig 7A). 

Cells expressing CCR7-7K7R-HA also migrated under these conditions in a dose-dependent 

manner (Fig. 7A). However, cells expressing CCR7-7K7R migrated significantly less efficient in 

response to CCL19. Migration towards CCL21 was only diminished at higher chemokine 

concentration but the reduction was not significant. We next thought to investigate cell 

migration in a more limiting system, where chemokine sensing must occur for a longer 

period of time and hence impaired chemokine receptor recycling might show a more severe 

phenotype. To test this, we investigated chemotaxis of CCR7 transfectants embedded in a 3D 

collagen matrix. CCR7 expressing cells migrated in response to CCL19 and CCL21 in a 3D 

environment (Fig. 7B). In contrast, chemotaxis towards both chemokines in 3D of immune 

cells expressing the lysineless mutant of CCR7 was significantly impaired (Fig. 7B), providing 

clear evidence that ubiquitylation of CCR7 is pivotal for efficient cell migration in 3D.  

In summary, we identified two novel roles for chemokine receptor ubiquitylation, first, in 

regulating ligand-independent basal receptor trafficking, and second, in the sorting decision 

of ligand-induced internalised CCR7 within the trans-Golgi compartment, permitting efficient 

recycling. Moreover, we demonstrated that ubiquitylation of CCR7 plays a key role in 

immune cell migration. 
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Figure 6. CCR7 
recycles via the TGN 
where its lysineless 
mutant accumulates 
(A) HEK293-CCR7-GFP 
and CCR7-7K7R-GFP 
cells were incubated 
for 30 min with CCL19 
to allow receptor 
internalisation and, 
where indicated, 
washed to remove 
residual CCL19 and 
incubated in media for 
1 to 2 h, facilitating 
receptor recycling. 
Cells were fixed and 
stained with either 
TGN46 or GIANTIN. 
Images are 
representatives of 
several cells examined 
in at least three 

independent 
experiments. Scale 
bars are 10 µm. (B) 
Quantitative analysis of 
confocal imageswas 
performed as 
described in Fig. 5 and 
in the method section. 
A two-tailed Man-
Whitney-Test was used 
for statistical analysis, 
*p<0.05 

 

 

 

 

 



Chapter 6: CCR7 ubiquitylation 

 

 
186 

Figure 7. Impaired 
migration of 
ubiquitylation-deficient 

CCR7-expressing cells in 
a 3D environment (A) 
Stably transfected 300-19 
CCR7-HA and CCR7-7K7R-
HA cells (1x105) were 
allowed to migrate in 2D 
through TranswellTM 
filters for 3 h in response 
to graded concentrations 
of CCL19 or CCL21. The 
number of migrating cells 
was determined by flow 
cytometry. Mean values ± 
SEM of five independent 
experiments are depicted 
as percentage of input 
cells. (B) Cell migration in 
3D was assessed using 
300-19 transfectants 
embedded in collagen 

matrix. 4x105 cells per assay point were allowed to migrate in response to graded concentrations of 
CCL19 and CCL21 for 3.5 h. Numbers of migrated cells were determined by flow cytometry. Depicted 
are the mean values ± SEM of at least five independent experiments. Error bars indicate the SEM of 
five independent experiments. To determine the statistical significance a two-tailed, unpaired t-test 
was performed. *p<0.05; **p<0.01. 

Discussion 

Ubiquitylation of transmembrane receptors is known as a signal for receptor 

internalisation and lysosomal sorting. In this study, we identify a novel function for receptor 

ubiquitylation in the regulation of the trafficking process of the G protein-coupled receptor 

CCR7. We show that receptor ubiquitylation occurs under basal, ligand-independent 

conditions. CCR7 ubiquitylation positively affects constitutive receptor trafficking and 

functions as signal for the anterograde trafficking of internalised receptors upon chemokine 

stimulation. Moreover, we demonstrate that receptor recycling controlled by ubiquitylation 

plays a vital role in chemokine-mediated immune cell migration. 

The pattern of receptor modification by ubiquitin is very diverse. Monoubiquitylation 

and multiubiquitylation of transmembrane receptors have been reported to control their 

sorting processes into vesicles at different stages on the endocytic pathway378, 391-393. 

Polyubiquitylation of receptors predominantly leads to receptor degradation, but also plays 
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a role in internalisation and sorting of cargo proteins. Thereby several linkages between 

ubiquitins are possible371. K48-ubiquitin linkage is mainly used for targeting of the receptor 

to the degradative, proteasomal pathway, whereas K63-ubiquitin linkage has diverse 

functions, including in receptor internalisation392, 394. Ubiquitylated CCR7 species were 

apparent at different molecular weights, indicating poly- or multiubiquitylation, but CCR7 

seems not to be poly-K48-ubiquitylated (Fig. 1). Of note, CCR7 ubiquitylation was 

constitutive and occurred also in the absence of ligands. Chemokine triggering of CCR7 only 

led to a marginal change in the ubiquitylation pattern. Constitutive ubiquitylation was 

reported for a number of receptors and predominantly serves as signal for endocytosis 

and/or degradation395, 396. Alternatively, ubiquitylation of the protease-activated receptor-1 

was shown to negatively regulate the constitutive receptor internalisation397. Moreover, 

basal ubiquitylation of platelet-activating receptor was reported without determining its role 

in receptor trafficking398. Our study suggests that constitutive ubiquitylation of CCR7 has two 

distinct functions: On the one hand it influences the basal receptor trafficking in a ligand-free 

environment. On the other hand, ubiquitylation of CCR7 plays a role in receptor recycling 

after agonist-induced internalisation. We identified low but persistent numbers of vesicle-

like structures containing CCR7 in the absence of CCL19, which were significantly reduced in 

the lysineless CCR7 mutant. Most of the constitutively internalised CCR7 localised in early 

endosomal compartments and were absent in lysosomes.  

Until present, ubiquitylation of chemokine receptors was only reported for CXCR4378. 

Chemokine stimulated CXCR4 was ubiquitylated by the E3-ligase AIP4, facilitating trafficking 

to endosomes where the receptor localized within hepatocyte growth factor-regulated 

tyrosine kinase substrate (Hrs)-positive regions379. Furthermore the authors suggested that 

CXCR4 was sorted by the conserved ESCRT (endosomal sorting complex required for 

transport) machinery. In contrast to CXCR4, we found no evidence for agonist-mediated 

lysosomal degradation of CCR7 12, neither for CCR7 nor for its lysineless mutant (Fig. 4). 

Whereas internalised CXCR4 is degraded, several other chemokine receptors undergo 

recycling after agonist-mediated internalisation380, 399. However, studies investigating 

mechanisms that control the post-endocytic recycling pathways are rare. Commonly, 

receptor-ligand complexes are internalised by clathrin-dependent or independent 

mechanisms and subsequently transported to early endosomes, where the mild acidic 
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environment provokes the dissociation of the ligand from the receptor. This early endosomal 

sorting process is mainly controlled by a distinct subset of Ras-associated binding (Rab) 

proteins400. In particular there are two different recycling pathways described – a rapid 

recycling pathway, directly returning the cargo proteins back to the plasma membrane and a 

slow recycling path continuing over the endocytic recycling compartment (ERC). Generally, 

the rapid recycling path is supported by Rab4/Rab5, whereas the slow route is under the 

control of Rab11380, 400. CCR7 was previously shown to be internalised in a G protein-

independent, ß-arrestin-dependent manner via clathrin coated-pits12, 206, 368. In this study we 

show, that internalised CCR7 recycles via early endosomes through the trans-Golgi 

compartment to the plasma membrane (Figs 5, 6). Together with a recent report on CCR5401, 

we show for the first time that chemokine receptors take the recycling route via the TGN to 

the plasma membrane. 

By studying receptor trafficking using a lysineless CCR7 mutant, we identified a so far 

unknown role of ubiquitylation as sorting signal for receptor recycling through the TGN. 

Although we provide clear evidence that CCR7 is directly ubiquitylated at intracellular lysine 

residue(s) by using a lysineless receptor mutant, we cannot fully rule out, that mutating all 

intracellular lysines might not have additional, so far unidentified defects apart the lack of 

ubiquitylation. Only a few components are known that might play a role in this recycling 

pathway. Rab11 and the Eps15-homology domain protein (EHD1) were shown to regulate 

the transport form the ERC to the plasma membrane as well as to the TGN402, 403. However, 

there might be several different routes from the endosomal system to the TGN404. 

Components involved in the sorting process at the TGN are not well defined. Recently, GGA 

proteins were identified to facilitate membrane trafficking at the TGN405-408. GGA proteins 

can directly bind to coat proteins, like clathrin or ARF proteins409, 410 or can interact with a 

defined subset of sorting receptors that traffic between TGN and lysosomes411, 412. 

Moreover, a novel aspect of GGA proteins in functioning as ubiquitin sorting receptors at the 

TGN was reported413. Along this line, a role for ubiquitin in the trafficking of insulin-regulated 

glucose transporter GLUT4 from the endosomal/TGN system into its intracellular storage 

compartment was described recently, facilitating the recruitment of GLUT4 to the cell 

surface upon insulin stimulation414. Whether members of the GGA protein family are 

involved in chemokine receptor trafficking is currently not known. 
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Commonly, chemokine receptor internalisation is associated with receptor 

desensitisation resulting in cessation of chemokine signalling203. Interestingly, studies 

indicated that sequestered receptors are able to transmit signals from intracellular 

compartments. For instance, blockade of EGFR internalisation led to a reduced activity of 

ERK-1/2 and PI3K415. Or, attenuated MAPK activation was noted for ß2-adrenergic receptor 

in cells with impaired β-arrestin-mediated receptor internalisation416. These studies suggest 

that receptor ubiquitylation might regulate receptor signalling by modulating subcellular 

CCR7 localisation. To explore potential roles of receptor ubiquitylation in signalling, we 

determined CCR7-dependent activation of ERK-1/2. In fact, we detected a more sustained 

ERK-1/2 phosphorylation upon chemokine triggering in the ubiquitylation-deficient CCR7 

compared to the wildtype receptor (Fig. 2D). Finally, we discovered that chemotaxis was 

severely impaired in cells expressing the ubiquitylation deficient CCR7, whereas cells 

expressing wildtype CCR7 readily migrated in response to CCL19 and CCL21 (Fig. 7). These 

results suggest that recycling of internalised CCR7, which is hampered in the absence of 

efficient receptor ubiquitylation, plays a crucial role in directional immune cell migration. 

This observation is in line with a model predicting that chemokine receptor recycling is 

necessary to maintain an equilibrated density of receptors at the cell surface permitting cell 

navigation417 and is supported by a study showing that FIP2 and myosin Vb are required for 

CXCR2 recycling and chemotaxis418. 

In summary, we identified that CCR7 recycles via the TGN and is directly ubiquitylated. 

We demonstrate that receptor ubiquitylation plays a role for two distinct aspects of CCR7 

trafficking. First, CCR7 ubiquitylation enhanced constitutive trafficking in the absence of 

chemokines. Second, ubiquitylation is involved in the exit of chemokine-internalised CCR7 

from the TGN. Moreover, we demonstrate that immune cells expressing this ubiquitylation-

deficient CCR7 mutant showed impaired migration.  
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Materials and methods 

Reagents 
Human CCL19 and CCL21 were purchased from PeproTech Inc (Rocky Hill, NJ, USA). Antibodies 

were obtained from the following sources: rat anti-human CCR7 (clone 3D12, BD Biosciences; 
Allschwil, Switzerland); monoclonal anti-HA-HRP (clone HA7) and anti-Flag-HRP (clone M2) (both 
from Sigma, Buchs, Switzerland); anti-phospho-p44/42 MAPK (pERK-1/2, Thr202/Tyr204, clone E10) 
and anti-p44/42 MAPK (ERK-1/2, clone 3A7) (Cell Signaling Technology, Danvers, MA, USA), anti-
ubiquitin mAb (clone FK2, Enzo Life Sciences, Lausen, Switzerland), anti-TGN46 (Abcam, Cambridge, 
UK), anti-EEA1 (BD Biosciences), Alexa Fluor 568 goat anti-rabbit IgG (Invitrogen, Basel, Switzerland), 
Cy3 goat anti-mouse IgG (Jackson ImmunoResearch, Suffolk, UK). Streptavidin-PE was from Sigma. 

Cell Lines and Transfection 
Human epithelial kidney 293 (HEK293) cells were grown in DMEM (Lonza, Basel, Switzerland) 

containing 10% FCS. Murine 300-19 pre-B cells 419 were grown in RPMI1640 (Lonza) supplemented 
with 10% FCS, 50 μM β-mercaptoethanol and 2 mM nonessential amino acids. HEK293 cells were 
transfected by FuGENE6 (Roche, Basel Switzerland); 300-19 cells by the Amaxa technology. Stable cell 
lines were generated by a pre-selection step in the presence of 1 mg/ml G418 following a single cell 
sorting using a FACSAriaIIu (BD Biosciences). 

Construction of expression plasmids 

Cloning of pcDNA3-CCR7-HA and pcDNA3-CCR7-GFP has been described previously12. The 
lysineless CCR7-7K7R-HA mutant was generated by site-directed mutagenesis using pcDNA3-CCR7-
HA as template. Briefly, to replace the three lysines (K332, K339, K342) located within the C-terminal 
tail by arginines, a first PCR was conducted with the primer CCR7se2 (5’-ATA GAA TTC CGT CAT GGA 
CCT GGG GAA AC, restriction site italic) and the primer 3K3Ras (5’-CAG GTC CCT GAA GAG CCT GAA 
GAG ATC GTT GCG GAA CCT GAC GCC, mutated sites underlined). A second PCR was performed using 
the primers 3K3Rse (5’-GGC GTC AGG TTC CGC AAC GAT CTC TTC AGG CTC TTC AGG GAC CTG, 
mutated sites underlined) and CCR7as (5’-TAT GCG GCC GCT GGG GAG AAG GTG GTG, restrictions 
site italic). Both PCR products were mixed and a conventional PCR was performed with the primers 
CCR7se2 and CCR7as, which contain the restriction sites for EcoRI/NotI. Lysine residues located in the 
first (K87, K90) and third intracellular loop (K260, K263) were exchanges to arginines using the 
following primer pairs: CCR7-7K7Rse1 (5’-TAT TTC AGG AGG CTC AGG ACC ATG) and CCR7-7K7Ras1 
(5’-CAT GGT CCT GAG CCT CCT GAA ATA, mutated sites underlined), and CCR7-7K7Rse2 (5’-CGC AAC 
AGG GCC ATC AGG GTG ATC) and CCR7-7K7Ras2 (5’-GAT CAC CCT GAT GGC CCT GTT GCG, mutated 
sites underlined), respectively. Excision of CCR7 from pcDNA3-CCR7-GFP and ligation of CCR7-7K7R 
into the EcoRI/NotI sites resulted in pcDNA3-CCR7-7K7R-GFP. The ubiquitin-mutants 3xFlag-K48R-
ubiquitin and 3xFlag-K63R-ubiquitin were generated using the QuikChange Multi Site-Directed 
Mutagenesis Kit (Agilent Stratagene, Santa Clara, CA, USA) and the primers K48R (5’- GAT CTT TGC 
CGG TAG GCA GCT CGA GGA CG) and K63R (5’-GAT TAC AAC ATT CAG AGG GAG TCG ACC TTA CAT 
CTT G (mutated sites underlined). pCMV10-3xFlag-ubiquitin served as template. 

Flow cytometry based receptor endocytosis/recycling assay 

CCR7 expressing transfectants were stimulated with 2 μg/ml CCL19 for 30 min at 37°C for 
endocytosis assays. For recycling experiments, cells with internalised receptor were washed twice 
with warm PBS to remove unbound chemokines and incubated in chemokine-free medium for 
various time periods at 37°C to allow receptor recycling back to the plasma membrane. Subsequent 
surface receptor staining was performed at 4°C using a biotinylated CCR7 specific antibody and 
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analysed by flow cytometry (LSRII, BD Biosciences). Bar graphs were generated using the median 
value of fluorescence intensity for calculation. Median values of untreated cells served as reference. 

Migration assays 

Cell migration in 2D was assessed in 5µm-pore size TranswellTM assays (Corning Costar, Corning, 
NY, USA). 1x105 300-19 cells stably expressing either CCR7-HA or CCR7-7K7R-HA were allowed to 
migrate over 3 h to the lower compartment, which contained various amounts of chemokine. 
Numbers of migrated cells were assessed by flow cytometry. Number of cells migrating 
spontaneously without a chemokine trigger, were subtracted. 

To determine migration in 3D, 4x105 of either 300-19 CCR7-HA or CCR7-7K7R-HA cells 
respectively were resuspended at a 2:1 ratio in a collagen mixture containing PureCol (INAMED 
Biomaterials, Fremont, CA, USA) with a final collagen concentration of 1,6 mg/ml, 1x MEM (Sigma) 
and 0.4% sodium bicarbonate (Sigma). The mixture was transferred to 5µm pore size TranswellTM 
inlets and incubated at 37°C for 40 min to allow collagen polymerization. Filters were transferred into 
fresh Transwell plates containing 600 µl media supplemented with indicated amounts of chemokines. 
Cells were allowed to migrate towards the lower, chemokine-bearing compartment for 3.5 h before 
the number of migrated cells was assessed by flow cytometry. 

Immunoprecipitation 

HEK293 cells stably expressing CCR7-HA were transiently transfected with 3xFlag-ubiquitin. Cell 
lysis was performed 48h after transfection by incubation at 4°C for 30 min in lysis buffer (10mM Tris-
HCl, pH 7.5, 150mM NaCl, 2mM Cl2Mg2, 10% glycerol and 0,4% N-dodecyl maltoside). Cell lysates 
were centrifuged for 20 min at 17’600g. IgG-agarose precleared lysates were incubated with anti-HA-
agarose over night at 4°C. After extensive washing with lysis buffer, bound proteins were eluted from 
the anti-HA-agarose with an excess of HA-peptide. The immunoprecipitated proteins in loading 
buffer containing a final concentration of 1% ß-mercaptoethanol were resolved on 10% SDS-PAGE 
and subsequently transferred to a nitrocellulose membrane using a wet blot system. Membranes 
were blocked for 1 h and incubated with HRP-coupled HA or Flag antibody for 2 h at RT and tagged 
proteins were detected using enhanced chemiluminescence (Pierce, Rockford, IL, USA). 

Analysis of chemokine mediated ERK phosphorylation  

1x106 of HEK293 cells expressing either CCR7-HA or CCR7-7K7R-HA were stimulated with 100 
ng/ml CCL19 or CCL21 for different time points and subsequently lysed with NP-40 buffer (50mM 
Tris,1% NP-40, 0,25% sodiumdesoxycholate, 150mM NaCl, 1mM EGTA, 1mM Na3VO4, 1mM NaF, pH 
7,4) supplemented with a proteinase and phosphatase inhibitor mixture (Roche). Cell lysates were 
transferred to a 10% SDS-PAGE and Western blot analysis was performed using pERK-1/2 and ERK-
1/2 antibodies for detection. 

Immunofluorescence confocal microscopy and imaging analysis 

Stably transfected CCR7-GFP or CCR7-7K7R-GFP HEK293 cells were plated on coverslips with a 
density of about 30-40%. Cells were treated with 2 µg/ml CCL19 for 30 min at 37°C, washed carefully 
with cold PBS and fixed with 4% paraformaldehyde. To block reactive aldehyde groups, coverslips 
were incubated with 50mM NH4Cl for 10 min at 4°C. Cells were permeabilised with 0.2% Triton X-100 
in PBS for 5 min at RT. After a further 30min blocking step with 3% BSA/PBS the microscopic 
preparations were incubated with the indicated antibodies over night at 4°C or 1 h at RT. Following 
intense washing with PBS the secondary antibody was added. Afterwards coverslips were mounted in 
VECTASHIELD® or polyvinyl alcohol Mounting Media and analysed by confocal imaging using a Zeiss 
LSM 510 Meta confocal microscope (Carl Zeiss, Jena, Germany). Images were generated using 
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pinhole size corresponding to 1µm layers for each channel. Contrast and brightness of pictures were 
simultaneously adjusted with Adobe Photoshop CS2. 

Images were analysed using ImageJ (ImageJ Software version ImageJ 1.45s). For quantification, 
first, a mask of the organelle of interest was created using a specific threshold level for the 
fluorescence in the red channel. This threshold level was identical for each image analysed for 
TGN46, GIANTIN or EEA1, respectively. For the TGN (TGN46 staining) and the Golgi complex (GIANTIN 

staining) areas 1µm2 were used to generate the mask. In a second step, mean GFP fluorescence in 
the specific organelle was determined using the generated mask to specify the area to be measured. 
Afterwards, the determined mean GFP fluorescence in the corresponding area was normalised to the 
overall mean GFP fluorescence of the cell. Normalised fluorescent values of either CCR7-GFP or 
CCR7-7K7R-GFP were used to calculate the fluorescent ratio. For statistical evaluation, fluorescent 
values of 11-50 cells were used derived from at least two independent experiments. 

Statistical evaluation  

Statistical analysis were performed using GraphPad InStat (GraphPad Software version 3.06, Inc. 
La Jolla, CA). To calculate significances, data sets of at least four independent experiments were 
used. Individual statistical tests are mentioned in the respective figure legend. *p<0.05; **p<0.01; 
***p<0.001. 
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Chemokine receptors are central regulator of leukocyte migration and positioning 

within tissues. By recognizing and processing spatial information, provided by 

haptotactic immobilized CCL21 and soluble CCL19 gradients, the chemokine receptor 

CCR7 promotes homing of T cells and DCs to lymphoid tissues. Herein, we show that 

CCR7, through an endomembrane specific signaling complex, resolves guidance cues 

and redirects them in space and time to prevent signaling molecules from becoming 

uniformly distributed. Therefore, CCR7 transmits activation signals from the PM to a 

TGN-residing CCR7 pool, via the initiation of a specific multi-protein complex comprise 

of the Rho GEF Vav1, Rac1 and 14-3-3 adaptor proteins. Subsequently, the 

endomembrane-specific signaling complex is redirected along actin filaments to the 

PM, leading to actin mediated membrane protrusions. Inhibition of Golgi export 

resulted in cell type specific responses: while CCR7-driven T cell migration is elevated, 

moDCs fail to migrate towards CCR7 ligands. 
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Introduction 

Chemokines are pivotal orchestrators of the immune system. They provide guidance 

cues for leukocyte migration and positioning within tissues and control intra- and 

extravasation at vascular sites. On the cellular level, chemokine-driven migration of 

leukocytes can be either adhesion-dependent or -independent. In adhesion dependent 

migration, nascent focal adhesions in cell protrusions anchor the leukocytes via integrins to 

the extracellular matrix (ECM) and endothelial surfaces, while actin polymerization at the 

leading edge generates propulsive forces107, 420, 421. In contrast, leukocyte locomotion in 

three-dimensional ECM environments is mediated by actin flow along the ECM scaffold 

structure, followed by shape changes and squeezing107, 422, 423. Leukocytes must decode and 

process the spatial information stored in the chemokine gradients to ensure polarized and 

directional locomotion. Therefore, cells need to orient themselves according to the origin of 

the gradient through the polarization of chemokine receptors present at the plasma 

membrane and they must coordinate the remodeling of the actin cytoskeleton and the 

adhesion of the cells to the underlying substrate to generate forward forces. All of these 

tasks require the spatial localization of signaling, which is achieved through an asymmetrical 

distribution of signaling molecules or membranes424.  

The directional information of chemokine gradients is decoded by cells through the 

binding of chemokines to their cognate chemokine receptors, which belong to class A of G-

protein coupled receptors. Based on the classical model of chemokine receptor activation, 

ligand binding causes the receptor to adopt a conformation that results in the activation of 

associated heterotrimeric G-proteins, mainly of the inhibitory Gαi – type74. This activation 

involves the exchange of bound GDP for GTP by the Gαi subunit of the G-protein, leading to 

the dissociation of the heterotrimeric proteins into Gαi and Gβγ subunits. Dissociation then 

initiates signaling via second messengers by inducing changes in  cyclic AMP, diacylglycerol 

and intracellular calcium75. Signaling by the active conformation of the chemokine receptor 

is subsequently terminated by phosphorylation of serine and threonine residues in the 

cytoplasmic loops and the tail of the receptor, predominantly via GPCR kinases (GRKs) but 

also via second-messenger-dependent protein kinases, including cyclic-AMP-dependent 

protein kinase (PKA) and protein kinase C (PKC)76, 77. The phosphorylation of 

serine/threonine residues results in the binding of arrestins, the uncoupling of G-proteins 
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and subsequent internalization into clathrin-coated pits78. The first consequence of receptor 

endocytosis is the removal of active surface receptors. This shifts the dose response, as 

higher ligand concentrations are required to elicit the same magnitude of signal response. 

Secondly, ligand binding at the leading edge causes ligand sequestration that renders the cell 

progressively less sensitive to the chemotactic stimulus, but ensures that cells are able to 

stop at target sites where the concentration is highest425-427. Finally, differential distribution 

of signaling effectors between the plasma membrane (PM) and endosomal compartments 

extinguishes PM-specific signaling such as Gβγ mediated potassium channel opening, 

phospholipase C (PLC) and phosphoinositide 3-kinase (PI3K) function428, 429.  

As internalization proceeds, activated receptors with their tails exposed towards the cell 

cytoplasm are confined and enriched within the endomembrane system, from where they 

are potentially able to continue signaling, a concept that is referred to as `signaling 

endosomes`430. Generally, endomembranes have two distinct functions in signaling: on the 

one hand they are able to sustain signals originating from the PM, and on the other hand 

they contribute to signal specificity by providing a platform for the assembly of distinct 

signaling complexes that are excluded from the PM431. Certain features of endomembranes 

make them ideal for both signal transmission and specificity430, 431: (1) the small volume of 

endosomes favors the interaction between receptor and ligand, further sustaining receptor 

activity432, (2) the relative long residence time of activated receptors ate endomembranes 

(compared to fast endocytosed receptors at the PM) and (3) the enrichment of particular 

signaling molecules such as the tyrosine kinase Src433, contributing to activation of specific 

signaling pathways. Once internalized into endosomes, chemokine receptors are either 

sorted into the recycling pathway or the degradative pathway434. The endosome sorting 

again plays an essential role to resolve chemotactic cues and redirect them in space. 

For instance, routing of chemokine receptors to the degradative pathway effectively 

terminates signaling378. However, many chemokine receptors readily enter the recycling 

pathway to the PM where they replenish the cell surface with ligand-free receptors, thereby 

restoring receptor sensitivity to chemotactic cues12, 435. To ensure spatial resolution of 

chemotactic information, endocytic trafficking of the small GTPase Rac1 and its recycling to 

the PM was shown to be required for the regulation of actin-based, polarized, protrusive 

activity and motility436. Thus, the combination of receptor activation, endocytosis and 
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signaling from and to endomembranes allows guidance cues to be decoded by leukocytes 

according to a precise kinetic and at spatially defined sites of action. 

In this study, we investigate how the interdependency of chemokine receptor trafficking 

and signaling influences the resolution of signals in space and time, ultimately contributing 

to directional cell migration. As a model system, we use the chemokine receptor CCR7. CCR7 

is key for the initiation and maintenance of the adaptive immune response as it mediates the 

orchestrated migration of antigen-loaded dendritic cells (DCs) and T cells to secondary 

lymphoid organs91, 437. In secondary lymphoid organs, for example lymph nodes, the CCR7 

ligand CCL21 is expressed and secreted by fibroblastic reticular cells (FRCs) of the T cell 

zone9. In addition to CCL21, FRCs also secrete the second CCR7 ligand, CCL19, though in a 

much smaller amount267. In addition to matured and antigen loaded DCs, various other sells 

like thymocytes, naïve lymphocytes, central memory T cells, regulatory T cells, natural killer 

cells (NKs) and B cells also express CCR786. Although equal receptor binding affinities and 

equal G-protein activation77 suggest high redundancy, both chemokines CCL19 and CCL21 

differ in certain abilities. For instance, only CCL19 triggering results in a robust 

phosphorylation on Ser/Thr residues of CCR777 through the recruitment of both, GRK3 and 

GRK676. CCL19 therefore mediates a robust β-arrestin recruitment as well as CCR7 

endocytosis via its ability to induce profound CCR7 Ser/Thr phosphorylation12, 81. However, 

CCR7 internalization was also observed by CCL21 induction, albeit five times less efficient 

compared to CCL19 mediated endocytosis12, 369. CCR7 along with its ligands is internalized 

through clathrin-coated pits and subsequently transported to early endosomes12. 

Endocytosed CCR7 recycles back to the PM, whereas CCL19 is sorted for lysosomal 

degradation12. Despite, ligand induced CCR7 internalization, constitutive receptor trafficking 

is dependent on CCR7 ubiquitylation. This also serves as a signal for the anterograde 

trafficking of ligand induced endocytosed CCR7 receptors220. Like CCR5, internalized CCR7 

recycles via early endosomes through the trans-Golgi compartment to the PM220, 401. 

Although it is commonly believed that, in the absence of ligand promoted endocytosis, 

GPCRs are mainly expressed at the cell surface, certain GPCRs are stored in intracellular 

pools and reside mainly at (trans-)Golgi associated compartments to provide rapid, 

renewable sources for surface expression438, 439.  



Chapter 7: CCR7 signaling to and from endomembranes 

 

 
197 

Herein, we show that CCR7, in contrast to CCR5, is properly expressed at the PM but is 

also stored in intracellular pools in heterologously expressing cells and primary human T cells 

and moDCs. This large pool of intracellular receptors, mostly found in the trans-Golgi region, 

is constituted of newly synthesized receptors and through CCR7 constitutive receptor 

trafficking. Upon ligand triggering, β-arrestin - in complex with the tyrosine kinase Src - is 

recruited to the trans-Golgi region to phosphorylate intracellular CCR7 pools. This tyrosine 

phosphorylation in the well-conserved DRY motif of CCR7 creates a docking site for the Rho-

GEF Vav1. The intracellular multi protein complex of CCR7 and Vav1 is stabilized by 14-3-3ε 

proteins. Subsequently, Rac1 is recruited to the multi-protein complex and redirected along 

nascent actin filaments towards the PM, leading to polarized protrusive activity. CCR7-

triggered Vav1 translocates to focal adhesions, implicating that the intracellular CCR7-Vav 

signaling complex is involved in adhesive migration. However, inhibition of vesicular 

trafficking elevated CCR7-mediated human T cell migration, whereas moDC migration is 

hampered. Collectively, we show that CCR7-mediated polarized function, as directed 

migration, is achieved through the spatial restriction of signaling by using Golgi resident 

CCR7 as a platform for the assembly of specific signaling complexes which are subsequently 

translocated to the PM.     

Results 

CCR7 is stored in intracellular pools residing at the TGN region  

CCR7-mediated in vivo T cell migration within chemokine-rich lymph nodes is sustained 

over the timescale of several hours158, while CCR7 itself is rapidly (in seconds/minutes) 

desensitized by phosphorylation and arrestin-mediated endocytosis12. Similar to CCR5, CCR7 

was recently shown to recycle back to the PM via early endosomes and a TGN route, 

whereby interference with CCR7 ubiquitylation kept CCR7 at the TGN220, 401. Therefore, we 

asked whether CCR7, as certain other GPCRs, is stored in intracellular pools to provide rapid, 

renewable sources for sustained CCR7 surface expression. To determine the cellular 

distribution of CCR7 we performed inside-out stainings on human primary T and B cells and 

monocyte derived dendritic cells (moDCs) matured with different stimuli. Briefly, CCR7 

surface expression was assessed by staining with excessive amounts of a monoclonal anti 

CCR7 antibody linked to either FITC or APC. Subsequently, to visualize intracellular pools, 
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cells were fixed, permeabilized and stained with the same monoclonal antibody linked to the 

other fluorophore (Figure 1A). To exclude differences resulting from fluorophore properties, 

intracellular APC (FITC) was compared to extracellular APC (FITC) (Figure 1A). In freshly 

isolated T and B cells, CCR7 was predominantly expressed at the PM, although a small 

proportion of (~30 %) was stained intracellularly (Figure 1A). In contrast, immature moDCs 

that expressed only limited amounts of CCR7 mRNA (Figure S1A) showed only dim CCR7 

staining, predominantly on endomembranes (Figure 1A). Upon moDC maturation with 

cytokine cocktail (CC), CCR7 was upregulated on mRNA and protein level (Figure S1A, S1B), 

while CCR7 staining was still most prominently intracellular. Further, we and others found 

that efficient DC migration towards CCR7 ligands requires a second signal provided by the 

pro-inflammatory mediator prostaglandin E2 (PGE2)95, 96. Maturation of moDCs in the 

presence of PGE2 upregulated CCR7 on mRNA level, while CCR7 protein levels were not 

significantly altered (Figure S1A, S1B). In contrast, CCR7 surface expression was slightly 

increased in the presence of PGE2, although still about 60% of CCR7 was present in 

intracellular compartments (Figure 1A).  

Next, we asked whether the cellular distribution of CCR7 follows a deterministic cell type 

specific program or whether CCR7 distribution can be conditionally changed. Therefore, we 

compared CCR7 inside-out distribution of primary B cells from healthy donors with CCR7 

expressing Hodgkin and non-Hodgkin cell lines. Although Hodgkin cells are derived from 

mature B cells, their deregulation of multiple signaling pathways and transcription factors 

results largely in the loss of their B cell phenotype440. Despite this drastic change, Hodgkin 

(L428, L591) and non-Hodgkin (Burkitts Lymphoma, Raji) cell lines maintained their 

intracellular CCR7 distribution (Figure 1B), pointing to a deterministic cell specific program 

that establishes and maintains CCR7 distribution. 

To decipher the CCR7 residing intracellular compartments, we performed co-localization 

studies in immature human moDCs or moDCs matured in the presence or absence of PGE2. 

In line with flow cytometry experiments, immature moDCs showed weak, punctate, 

intracellular CCR7 staining that partially overlapped with the trans-Golgi network marker 

TGN46 (Figure 1C). When CCR7 expression was upregulated, the co-localization of CCR7 with 

TGN46 increased (Figure 1C). Consistent with flow cytometry analysis (Figure 1A), matured 

moDCs also showed a high degree of intracellular CCR7 in confocal microscopy (Figure 1C).  
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Figure 1. Subcellular distribution of human CCR7  
(A/B) Pre-determined CCR7 inside-out distribution determined by flow cytometry. Indicated cell 

types were surface stained with monoclonal anti CCR7 antibody coupled to FITC (upper panel) or APC 
(lower panel). Subsequently, cells were fixed, permeabilized and intracellular CCR7 was stained with 
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the same monoclonal anti CCR7 coupled to cognate fluorophore. Surface staining of one fluorophore 
was compared to intracellular staining of the same fluorophore. Depicted are independent 
experiments of at least 4 healthy donors (A) or four independent experiments (B). CCR7 distribution 
ratios for CD19 cells are the same in A and B. (C) Human immature moDCs, and moDCs matured in 
the presence or absence of PGE2 were stained for CCR7 and the trans-Golgi network. Images were 
obtained by confocal microscopy. Depicted are micrographs from one donor out of three. (D/E) Co-
localization analysis of CCR7 YFP stable transfected HEK293 cells with the TGN marker TGN46 either 
left untreated or pre-treated for indicated time points with dynasore, cycloheximide or combination 
thereof. 3D reconstruction was performed using confocal 0.13μm stacks and Imaris. Depicted are 
pictures from one out of at least three independent experiments. (F/G) Ratiometric analysis of CCR7 
YFP fluorescence at indicated compartments of confocal images. Mean fluorescence intensity was 
calculated using ImageJ. Scale Bar: 10μm.  

 

To increase resolution and advance our molecular knowledge of intracellular CCR7 pools 

while simultaneously excluding transient overload of trafficking machinery, we used stable 

transfectants of YFP tagged CCR7 (Figure 1D). As expected CCR7 YFP was present at the PM 

and at endomembranes, co-localizing with TGN46 (Figure 1D). Confocal 3D reconstructions 

further revealed that the intracellular CCR7 pool only partially overlaps with the TGN and 

additionally resides as a cap on top of it, indicating a potential involvement of the endocytic 

recycling compartment (ERC) (Figure 1D). Recently, it was shown that CCR7 recycles from 

early endosomes and the TGN to the PM220. Therefore, we expect that the observed 

intracellular CCR7 pool should also be positive for the anterograde trafficking machinery 

stained by Rab6a. We showed that intracellular CCR7 co-localized with Rab6a and the TGN 

marker TGN46 (Figure S1C). Further, expression of a dominant negative variant of Rab6a 

partially decreased the TGN resident CCR7 pool, but resulted in a more dispersed CCR7 GFP 

staining (Figure S1C). We concluded that intracellularly stored CCR7 is not only sustained by 

receptors that are recycled back to the PM but also via an alternative mechanism. 

To investigate how intracellular CCR7 pools are established and sustained we 

pharmacologically inhibited either clathrin-mediated constitutive receptor endocytosis by 

dynasore treatmentor de novo synthesis via cycloheximid (CHX) treatment (Figure 1 E,F,G). 

We showed that both, the constitutive receptor internalization and de novo CCR7 synthesis 

were necessary to sustain the TGN-resident CCR7 pools (Figure 1E). In contrast to inhibition 

of protein synthesis, blockade of CCR7 endocytosis increased CCR7 surface expression. To 

compensate for those effects we calculated the ratio between total CCR7 fluorescence and 

fluorescence at the TGN or the PM (Figure 1 F,G). Again, we clearly show that CCR7 resides 
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in TGN positive compartments that are maintained through CCR7 synthesis and constitutive 

endocytosis (Figure 1 F,G). 

Figure S1. CCR7 up-
regulation during 
moDC maturation 
and its localization 
to Rab6a positive 
compartments  

(A/B) Upregulation 
of CCR7 was 
monitored during 
moDC maturation in 
the presence or 
absence of PGE2 on 
mRNA level using 
quantitative real time 
PCR (A) or on protein 
level using adjusted 
cell lysates and 
western blotting (B). 
Expression of house-
keeping genes was 
subtracted from gene 
expression to calculate 
2^(-Δ(Ct)) values. 
Depicted are values of 

6 independent donors (A) and shown is one donor out of three (B). (C) Co-localization analysis of 
CCR7 GFP stable transfected HEK293 cells with the TGN marker TGN46 and anterograde trafficking 
marker Rab6a. Rab6a and its dominant negative variant Rab6a T27N was exogenously expressed. 
Shown are confocal images of three independent experiments. Scale Bar: 10μm.        

CCR7 but not CCR5 establishes a stable intracellular TGN resident receptor pool 

Like other GPCRs, CCR7 and CCR5 are desensitized through clathrin-dependent 

internalization leading to intracellular sequestration before both recycle back to the PM via a 

TGN route220, 401. However, it is debated whether CCR5 establishes large intracellular pools in 

circulating CD3+ T cells441, 442, as herein shown for CCR7. As there are similyrities in the 

trafficking of CCR7 and CCR5, we sought to compare the establishment of TGN-resident 

receptor pools of both receptors. Therefore, we first assessed CCR7 and CCR5 surface 

staining in human mature moDCs and CD3/CD28 activated T cells (Figure 2A, S2A). MoDCs 

matured in the presence of PGE2 showed high CCR7 expression levels, while CCR5 was highly 

expressed only by a subpopulation of mature moDCs (Figure 2A). In contrast, 9d CD3/CD28 

activated T cells expressed a limited amount of both CCR7 and CCR5 (Figure S2A). To 
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determine cellular distribution of endogenous CCR7 and CCR5, inside-out staining and flow 

cytometry analysis was performed. In accordance with previous experiments, we found 

CCR7 staining not only on the cell surface but also in intracellular compartments in both 

moDCs and activated T cells (Figure 2A, S2A). In contrast, CCR5 was not detectable 

intracellularly in neither moDCs nor in activated T cells (Figure 2A, S2A). Of note, activated T 

cells showed a higher amount of intracellular rather than surface expressed CCR7 (Figure 

S2A), suggesting that after T cell activation the CCR7 distribution is shifted. 

We have shown that the TGN-resident CCR7 pool is not only sustained by constitutive 

receptor internalization but also via receptor de novo synthesis (Figure 1E). Therefore, we 

suggested that an intracellular chemokine receptor pool is established via secretory traffic. 

To dissect the secretory trafficking of both CCR7 and CCR5 that potentially results in the 

establishment of TGN resident pools, we used the recently published retention using 

selective hooks (RUSH) system443. The RUSH system allows for synchronous release of the 

chemokine receptors from an ER-resident hook. The hook is fused to streptavidin, which 

retains the receptors via the streptavidin-binding peptide fused to CCR7 or CCR5. Upon 

biotin addition, streptavidin preferentially interacts with biotin, thereby releasing the 

receptors from the ER (Figure 2B). Already 30 minutes after Biotin addition both, CCR7 and 

CCR5 arrived at the Golgi apparatus, although co-localization with the TGN marker TGN46 

was not yet seen. Later time points revealed striking differences in the secretory trafficking 

of both receptors. After 4h, the majority of CCR5 receptors passed the TGN and arrived at 

the PM, while CCR7 still completely co-localized with a TGN marker. Surprisingly, even after 

24h (data not shown) and 48h only a minor proportion of CCR7 arrived at the PM, whereas 

the majority of CCR7 still resided in TGN pools (Figure 2B). Unlike CCR7, CCR5 reached the 

PM already 4h after ER release, and the TGN was almost completely emptied after 48h 

(Figure 2B). Because the monitoring of synchronous release of CCR7 showed that most of 

the newly synthesized receptors reside at the TGN, we suggested that this massive 

difference to CCR5 trafficking is due to the establishment of the TGN-resident CCR7 pool, 

while simultaneously constitutive receptor internalization of CCR7 at the cell surface is 

starting. As CCR7 does not contain any previously characterized endocytosis motifs314, but 

CCR7 internalization is dependent on β-arrestin association, we tested our hypothesis by 

performing CCR7 RUSH in wildtype and β-arrestin 1/2 knockout mouse embryonic fibroblasts 



Chapter 7: CCR7 signaling to and from endomembranes 

 

 
203 

(MEFs) (Figure S2B). RUSH experiments revealed that CCR7, like CCR5 (Figure 2B), reached 

the PM after 2-4h of synchronous ER release but was immediatly endocytosed and 

transported back to the TGN, as manifested in punctuated accumulations of CCR7 at the PM 

in β-arrestin 1/2-/- MEFs (Figure S2B). Therefore, we suggested that the cellular distribution 

of CCR7 is cell type specific and achieved by establishing an equilibrium between receptor de 

novo synthesis and secretory traffic, as well as β-arrestin-dependent constitutive receptor 

endocytosis. Taken together, we have clearly shown that CCR7 is not only expressed at the 

cell surface but also stored in intracellular TGN resident pools. 

Figure 2. CCR7 but not CCR5 is stored in intracellular compartments  



Chapter 7: CCR7 signaling to and from endomembranes 

 

 
204 

(A) Flow cytometric analysis of CCR7 and CCR5 surface expression of moDCs matured in the 
presence of PGE2 (upper panel) and subcellular distribution of CCR5 and CCR7 using anti-CCR7/CCR5 
antibodies coupled to APC for surface staining and anti-CCR7/CCR5 antibodies coupled to FITC for 
intracellular staining. One donor out of four. (B) Micrographs of synchronized release of CCR7 GFP 
and CCR5 GFP from ER resident hooks transiently transfected into HEK293 cells. Synchronized release 
of CCR7 and CCR5 was initiated by addition of 45μM Biotin for indicated time periods. Co-localization 
with TGN46 was determined using confocal microscopy. One experiment out of three. Scale Bar: 
10μm.        

Figure S2. In activated T cells CCR7, but not CCR5 is present on endomembranes and β-
arrestin1/2 are necessary to establish a TGN resident CCR7 pool 
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(A) Flow cytometric analysis of CCR7 and CCR5 surface expression of 9d CD3/CD28 activated T 
cells (upper panel) and subcellular distribution of CCR5 and CCR7 using anti-CCR7/CCR5 antibodies 
coupled to APC for surface staining and anti-CCR7/CCR5 antibodies coupled to FITC for intracellular 
staining. One donor out of three. (B) Micrographs of synchronized release of CCR7 GFP from ER 
resident hooks transiently transfected into wt or β-arrestin1/2 double knockout MEFs. Release was 
initiated by addition of 45μM Biotin. One experiment out of three with similar outcomes. Scale Bar: 
10μm.        

The intracellular CCR7 pool provides a platform for endomembrane-specific signaling 

complexes 

As we showed that cells invest in establishing highly regulated endomembrane-resident 

CCR7 pools, it is likely that this receptor pool has other roles in addition to providing a rapid, 

renewable resource for receptor surface expression. According to the concept of signalling 

endosomes, endomembranes are ideal signalling platforms for both, sustained PM 

generated signalling and the initiation of unique signals that are excluded from the PM, due 

to their small volume, the relatively long residence time of receptors and the enrichement of 

particular signalling molecules like the tyrosine kinase Src430, 431, 433. We therefore 

hypothesized that TGN-resident intracellular CCR7 pools participate in CCR7-mediated 

signaling. Recently, we showed that CCR7 associates with the guanine-nucleotide exchange 

factor (GEF) Vav1 upon ligand-induced CCR7 tyrosine phosphorylation (chapter 2), but the 

molecular and functional role of this association was not addressed. Using bimolecular 

fluorescence complementation assays (BiFC) with C-terminally tagged CCR7 and Vav1 we 

demonstrated that upon ligand binding, the TGN-resident CCR7 pool interacts specifically 

with the Rho-GEF Vav1 (Figure 3A). Importantly, an interaction between CCR7 and Vav1 at 

the PM could not be detected. Analysis of YFP complementation via confocal microscopy 

(Figure 3A), as well as quantitative analysis by flow cytometry (Figure S3D) showed that 

there was no difference in potency between the two CCR7 ligands CCL19 and CCL21 to 

induce CCR7-Vav1 interaction. Although there was an overlap between Golgi markers, we 

demonstrated by co-localization analysis that CCR7-Vav interactions predominantly occurred 

at the TGN (Figure 3A) and to a lesser extent in cis-Golgi (GM130; Figure S3A) and medial-

Golgi regions (giantin Figure S3B). To exclude unspecific interactions of CCR7 and Vav1 due 

to transient overexpression and overload of the trafficking machinery, we co-expressed C-

terminally tagged GABA transporter GAT1 and Vav1 (Figure S3C). Importantly, no YFP 

complementation was detectable between GAT1 and Vav1. To further exclude an effect of 
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an overloaded secretory pathway, we used CCR7 stable transfected cells. Consistent with 

previous experiments in stable CCR7 YFP2 transfectants we found normal CCR7-Vav1 

interaction at the TGN region upon ligand stimulation (data not shown). 

To investigate the possibility that chemokine receptor signaling from endomembranes 

through Vav1 is not restricted to CCR7, we investigated the interaction between Vav1 and 

CXCR4. Despite the fact that CXCR4 does not form large TGN resident intracellular pools as 

CXCR4 is internalized into early endosomes and subsequently sorted through the ESCRT 

machinery into degradative pathways444, 445, we observed a CXCL12 triggered CXCR4-Vav1 

interaction on small intracellular vesicular structures (Figure S3C). Thus, we suggest that 

signaling through receptor-Vav1 interaction initiated from endomembranes is a general 

homeostatic chemokine receptor feature used to resolve chemotactic information and to 

redirect them in space, thereby preventing signals from becoming uniformly distributed and 

useless. 

Although BiFC provides high spatial resolution through the complementation of the 

bright fluorophore YFP, it poorly recapitulates the temporal details of the interaction. To 

gain more information about the kinetics of CCR7-Vav1 interaction we performed Förster 

resonance energy transfer after acceptor bleaching (FRET-AB) (Figure 3B). We demonstrated 

that the CCR7-Vav1 association occurs quickly after ligand stimulation and peaks 

approximately 1 to 3 min after ligand stimulation (Figure 3B). Subsequently, the interaction 

decayed and was resolved to base line levels after 10 min of CCR7 triggering. Kinetic analysis 

revealed differences between CCL19 and CCL21 stimulation: (1) CCL19 triggering resulted in 

a more robust and longer interaction between CCR7 and Vav1; (2) CCL21-mediated CCR7-

Vav1 interaction was more short-lived and (3) CCL21-driven CCR7-Vav1 association was 

more pronounced at the PM compared to CCL19 (Figure 3B). 

To test the possibility that CCR7-Vav1 interaction occurs at the PM and subsequently 

traffics to TGN regions, we performed co-localization analysis of CCR7-Vav1 complex with 

the early endosome marker EEA1. Here, only limited co-localization between YFP complex 

and EEA1 was detectable (Figure 3C). We further determined whether surface labeled CCR7 

interacts with Vav1 upon ligand triggering (Figure 3D). As expected, the TGN-resident CCR7 

pool most prominently associated with Vav1 after ligand triggering of surface CCR7, while 

surface stained CCR7 was largely excluded from Vav1 association (Figure 3D).  
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Figure 3. TGN-resident CCR7 pool platform for endomembrane specific CCR7-Vav1 
interaction 
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(A) Localization of CCR7-Vav1 interaction determined by BiFC and co-localization with TGN46 
using confocal microscopy. HEK293 cells were transiently transfected with Vav1 YFP1 and CCR7 YFP2 
and stimulated for indicated time with 0.5 μg/ml CCL19 or CCL21. One experiment out of three. (B) 
CCR7-Vav1 interaction as determined by FRET acceptor bleaching. Mean ± SEM of 5 experiments. 
(ANOVA with Tukey post test). (C) Co-localization analysis of CCR7-Vav1 association using BiFC and 
early endosome marker EEA1 upon CCR7 triggering with 0.5 μg/ml CCL19 or CCL21 for indicated time 
points. One of three experiments. (D) N-terminally StrepII-tagged CCR7 YFP1 and Vav1 YFP2 were 
transiently co-transfected into HEK293 cells. Surface CCR7 was labeled by incubation of intact cells 
with StrepTactin 568 and CCR7-Vav1 interaction was visualized using BiFC. Cells were stimulated with 
0.5 μg/ml CCL19 or CCL21 for indicated time points. One experiment out of three with similar 
outcomes. (E) Transiently transfected HEK293 were pretreated for 30 min with 80 μM dynasore  and 
CCR7-Vav1 interaction was determined using BiFC upon CCR7 activation using 0.5 μg/ml CCL19 or 
CCL21. One of three experiments. (F) Endogenous CCR7-Vav1 interaction in human moDCs was 
assessed in situ by PLA. 3D reconstructions were performed using 0.13μm confocal stacks and Imaris. 
One micrograph from three independent donor. Scale Bar: 10μm.  

 

Finally, we still observed the CCL19/CCL21-mediated interaction between endomembrane 

residing CCR7 and Vav1 after pharmacological short-term blockage of clathrin-mediated 

endocytosis by dynasore treatment (Figure 3E). Therefore, we concluded that surface CCR7 

triggering initiates signaling cascades, resulting in the association of TGN resident CCR7 with 

Vav1.  

To exclude artifacts due to exogenous overexpression of CCR7 and Vav1, we investigated 

the CCR7-Vav1 interaction in situ by proximity ligation assay (PLA) using endogenously CCR7 

expressing mature moDCs. Indeed, a profound CCR7-Vav1 interaction, as manifested by red 

fluorescent dots, was exclusively found in mature moDCs upon CCR7 stimulation (Figure 3F). 

Taken together, we clearly show that the TGN resident intracellular CCR7 pool provides a 

platform for the initiation of an endomembrane specific signaling complex. 
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Figure S3. TGN resident CCR7 interacts with Vav1 upon CCR7 triggering 
(A/B) Co-localization analysis of CCR7-Vav1 interaction visualized by BiFC using cis-Golgi marker 

GM130 (A) or medial-Golgi marker giantin (B). HEK293 cells were transiently transfected with Vav1 
YFP1 and CCR7 YFP2 and stimulated for indicated time with 0.5 μg/ml CCL19 or CCL21. One 
experiment out of three. (C) HEK293 cells were transiently co-transfected with either Vav1 YFP1 and 
GAT1 YFP2 (upper panel) or with Vav1 YFP1 and CXCR4 YFP2 (lower panel) and interaction was 
determined using BiFC. In addition CXCR4 transfected cells were stimulated with 100ng/ml CXCL12 
for indicated time points. One of three experiments. (D) CCR7-Vav1 interaction was measured by 
BiFC and quantified by flow cytometry. Mean ± SEM of five experiments. (ANOVA with Tukey post 
test). Scale Bar: 10μm. 
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β-arrestin cycles Src to the TGN to initiate endomembrane specific CCR7 signaling 

We first addressed the nature of the signaling cascade that is initiated at the PM and that 

drives endomembrane specific CCR7-Vav1 interaction. In order to dissect signaling pathways 

initiated through CCR7 we first pharmacologically blocked G protein activation by pertussis 

toxin (PTx). Surprisingly, Gαi inhibition did not interfere with CCL19/CCL21-triggered 

intracellular CCR7-Vav1 association (Figure 4A, S4C). To corroborate this notion, we used a 

CCR7 variant that is not able to activate G-protein signaling due to an arginine-to-asparagine 

mutation in the DRY motif314. Consistently with the pharmacological approach, genetic 

inhibition of CCR7 mediated G-protein activation revealed that the CCR7-Vav1 interaction 

occurs independently of G-protein activation (Figure S4A, S4D). Previously, we showed that 

oligomeric CCR7 provides a platform for a G-protein-independent signaling pathway, 

resulting in CCR7 tyrosine phosphorylation via the tyrosine kinase Src, which creates a 

docking site for SH2 domain-containing proteins (chapter 2). To assess whether Src kinase 

signaling is involved in endomembrane CCR7 signaling, we either pharmacologically blocked 

Src activation by PP2 treatment or we overexpressed a dominant negative variant of Src (Src-

DN) (Figure S4B, S4E). Both approaches showed that Src kinase activity was necessary to 

mediate CCR7-Vav1 interaction (Figure S4B, S4E). Next, we tested whether Src-mediated 

CCR7 phosphorylation, as shown in (chapter 2), constitutes a docking site for Vav1. We used 

the CCR7 Y155F variant that is incapable of providing an SH2 domain binding site. 

Importantly, the mutation of this tyrosine completely abrogated intracellular CCR7-Vav1 

interaction (Figure 4B, S4F). To corroborate this finding, we determined CCR7-Vav1 

interaction using a biochemical approach. As expected, CCR7 ligand-triggering induced CCR7-

Vav1 co-immunoprecipitation, which was inhibited in the Y155F variant of CCR7 (Figure 

S4G). Hence, we showed that a G-protein-independent but Src-dependent pathway results 

in CCR7 phosphorylation at the DRY motif, which is necessary for the initiation of 

endomembrane-localized CCR7-Vav1 interaction. 

Next, we hypothesized that Src is activated upon CCR7 triggering at the PM, resulting in 

CCR7 phosphorylation of the TGN resident CCR7 pools, which creates a docking site for the 

SH2 domain of Vav1. To test this, we co-expressed the SH3-SH2-SH3 domain interaction 

motif of Vav1 together with CCR7 and used BiFC to monitor their association. According to 

our hypothesis, already the Vav1 interaction motif alone was sufficient for the recruitment 
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to endomembrane CCR7 pools upon ligand stimulation (Figure S4H). With growing evidence 

that Src activation is initiated at the PM through CCR7 triggering, pertinent question arose 

regarding the nature of the transmission of Src signaling. Of note, Src as well as CCR7 

displays a dual localization and distribution to endosomal membrane fractions and the 

PM433. However, the majority of Src localized at endosomal membranes is inactive under 

non-stimulated conditions446. Despite Src activation at the cell periphery, active Src also 

localizes to vesicular structures decorated by the small GTPase RhoB447-450. Accordingly, 

CCL19 and CCL21 stimulation resulted in both Src Y416 phosphorylation at the PM and Src 

Y416 phosphorylation on punctate endomembrane structures (Figure S5A, S5B). As Src 

activation is also linked to endocytosis and early endosomal trafficking, and Src was shown 

to interact with β-arrestin 217, which interacts with CCR7 upon activation, we suggested that 

β-arrestin may be involved in the transmission of activation signals from PM to 

endomembranes. To test for a possible involvement of β-arrestin in the initiation of 

endomembrane CCR7 signaling, we monitored CCR7-Vav1 interaction in wt and β-arrestin 

knockout MEFs (Figure 4C). As expected, wt MEFs showed a robust intracellular interaction 

between CCR7 and Vav1 (Figure 4C). Surprisingly, single knockout of either β-arrestin1 or β-

arrestin2 did not abrogate CCR7-Vav1 association. In contrast, β-arrestin1/2 double-

knockout completely inhibited the formation of a CCR7-dependent intracellular signaling 

complex (Figure 4C). Importantly, rescue experiments, conducted by stably transfecting of β-

arrestin1 or β-arrestin2 in β-arrestin1/2 double-knockout MEFs, followed by stimulation with 

CCR7 ligands, showed that β-arrestin isoforms were redundant in mediating CCR7-Vav1 

interaction (Figure 4C). Hence, we conclude that β-arrestin is involved in establishing of CCR7 

endomembrane signaling. 
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Figure 4. Endomembrane CCR7-Vav1 interaction is G-protein-independent but transmitted 
through β-arrestin-Src complex translocation 
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(A) Pre-treatment of HEK293 cells transiently transfected with Vav1 YFP1 and CCR7 YFP2 with 
100ng/ml PTx for 2h. Vav1-CCR7 interaction was determined upon ligand stimulation (0.5 μg/ml 
CCL19 or CCL21) using BiFC. One experiment out of three with similar outcomes. (B) Mutation of 
tyrosine 155 in the CCR7 DRY motif abrogates Vav1-CCR7 association in respose to ligand stimulation 
(0.5 μg/ml CCL19 or CCL21) as determined in transiently transfected HEK293 cells with CCR7 Y155F 
YFP1 and Vav1 YFP2. One of three experiment. (C) β-arrestin involvement in the initiation of the 
CCR7-Vav1 endomembrane interaction was determined using BiFC of Vav1 YFP1 and CCR7 YFP2 in wt 
MEFs, β-arrestin 2 -/- single knockout MEFs, β-arrestin1/2 -/- double knockout MEFs or  stable 
transfected β-arrestin rescue cells upon 0.5 μg/ml CCL19 stimulation. One experiment out of three 
with similar outcomes. (D) Life cell imaging experiment of HEK293 cells transiently transfected with 
Src YFP1 and β-arrestin YFP2 upon stimulation with 0.5 μg/ml CCL19 (t =0s). Confocal images were 
taken every 10 seconds over a time period of 10 minutes. One of three experiments with similar 
outcomes. (E) 3D reconstruction of 0.13 μm confocal stacks of β-arrestin-Src complex that associates 
upon stimulation of transiently transfected HEK293 cells with 0.5 μg/ml CCL19 or CCL21. TGN was co-
stained using TGN46 and actin cytoskeleton using phalloidin coupled to Alexa647. One experiment 
out of three with similar outcomes. (F) Rapamycin induced recruitment and activation of Src to 
HEK293 cells that stably expressed the TGN recruiter construct TGN38-FRB-CFP upon addition of 
100nM Rapamycin. Simultaneously, initiation of CCR7-Vav1 interaction was visualized by BiFC. Shown 
are the micrographs form one out of three experiments. Scale Bar: 10μm. 

 

To further visualize the translocation of β-arrestin in complex with Src, we transfected 

both into HEK293 cells stably CCR7 expressing, and monitored Src-β-arrestin association and 

translocation using BiFC in life cell experiments (Figure 4D). Already after short term 

stimulation of cells with CCL19, β-arrestin-Src complexes became visible. Vesicles decorated 

with β-arrestin-Src complex increased in number and fluorescence intensity over time. 

Furthermore, they started to move and accumulated in the peri-nuclear region (Figure 4D). 

Of note, the first β-arrestin-Src vesicles arrived already 30-60s after CCL19 addition at the 

peri-nuclear region (Figure 4D). 3D confocal reconstructions of fixed and stained cells 

demonstrated the association of the actin cytoskeleton with β-arrestin-Src vesicles near the 

PM (Figure 4E). Moreover, 3D reconstructions of the β-arrestin-Src interaction identified the 

peri-nuclear region in which the complex accumulated as the TGN and TGN adjacent ERC 

region (Figure 4E). Thus, we concluded that β-arrestin is the shuttle that transmits the 

information of active CCR7 from the PM to CCR7-resident endomembranes. This observation 

suggested that Src trafficking and accumulation is necessary and sufficient to induce CCR7-

Vav1 interaction at the TGN region. Therefore, we continued to dissect the molecular 

transmission mechanism by using a recruitable Src kinase variant. We used stable 

transfected cells, expressing either TGN or PM resident recruiters that harbor the well-

established rapamycin inducible dimerization domain FRBP. Upon addition of rapamycin, Src 

tagged with mRFP and FKBP12 was translocated to the cognate recruiter. We demonstrated 
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that via the recruitment of Src to the TGN, the interaction between CCR7 and Vav1 was 

initiated independent of other extracellular stimuli (Figure 4F). Importantly, the 

endomembrane CCR7-Vav1 complex was not established when a Src DN variant was 

recruited to the TGN or when Src was translocated to the PM (Figure S4I, S4J). Therefore, we 

concluded that trafficking and accumulation of active Src at endomembranes is necessary 

and sufficient to initiate CCR7 specific endomembrane signaling. 
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Figure S4. Src kinase activity but not G-protein activation is necessary to induce CCR7-Vav1 
interaction through the Vav1 SH3-SH2-SH3 interaction motif 
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(A) Upon ligand (0.5 μg/ml CCL19 or CCL21) stimulation the G-protein coupling deficient CCR7 
mutant CCR7 DNY is still able to initiate normal CCR7-Vav1 interaction at peri-nuclear region as 
shown by BiFC. One out of three experiments. (B) Pre-treatment of Vav1 YFP1 and CCR7 YFP2 
transiently transfected HEK293 cells with 10μM PP2 for 2h or co-expression of a dominant negative 
Src variant abrogates intracellular CCR7-Vav1 interaction in response to CCL19 triggering (0.5 μg/ml). 
Shown are the micrographs from one out of three experiments. (C,D,E,F) CCR7-Vav1 interaction in 
response to chemokine stimulation (0.5 μg/ml CCL19 or CCL21) under different conditions was 
measured by BiFC and quantified by flow cytometry. Transiently transfected HEK293 cells were pre-
treated with 100ng/ml PTx for 2h in (C). Vav1 association to the G-protein coupling deficient mutant 
CCR7 DNY or to the CCR7 Y155F mutant was assessed in (D) and (E). CCR7-Vav1 interaction during 
overexpression of a dominant negative Src mutants was determined in (F). The single transfection 
controls Vav1 YFP1 and CCR7 YFP2 are the same for all experiments. For comparison the interaction 
of Vav1 and CCR7 without pretreatment, plotted in Figure S3D, is added in dashed lines. Mean ± SEM 
of four experiments. (G) Co-immunoprecipitation experiment of Vav1 transient transfected cells into 
CCR7 HA or CCR7 Y155F HA stable transfected cells. Cells were stimulated for indicated time points 
with 0.5 μg/ml CCL19, cross-linked using DSP followed by co-immunoprecipitation. One out of three 
experiments. (H) Association of the Vav1 SH3-SH2-SH3 domain interaction motif with CCR7 upon 
ligand stimulation (0.5 μg/ml CCL19 or CCL21) was visualized by BiFC. Shown are pictures from one 
out of three independent experiments. (I,J) Rapamycin induced recruitment and activation of Src or 
Src DN to HEK293 cells that stably expressed either the TGN recruiter construct TGN38-FRB-CFP or 
the PM recruiter PM2-FRB-CFP upon addition of 100nM Rapamycin. Simultaneously, initiation of 
CCR7-Vav1 interaction was visualized by BiFC. Shown are the micrographs from one out of three 
experiments. Scale Bar: 10μm.    

Endomembrane CCR7 pools are hubs for multi-protein signaling complexes responsible for 

spatial Rac1 activation  

The molecular data above imply a mechanism where signals transmitted via β-arrestin 

and Src on endosomes to TGN-resident CCR7 confer spatial and temporal dimensions to 

CCR7 signaling. A major drawback of this concept is that molecules cannot travel far by free 

diffusion. However, signals originating from the PM have to travel a considerable distance to 

reach the peri-nuclear region. Because of their small volume, the long residence time of 

receptors and the high density of signaling molecules, endosomes are ideal platforms for 

sustaining signals. Further, due to clathrin-coat initially surrounding endosomes, signals are 

protected from deactivation, and endosomes can use microtubular motors and the actin 

cytoskeleton to provide fast communication routes for signaling molecules. Controversially, 

signals located at the TGN have to be sustained and transported to their site of action. 

Hereby, cytoplasmic diffusion is accompanied by the danger of signal deactivation (such as 

by dephosphorylation) resulting in steep signaling gradients and diminished concentration of 

signaling molecules at the target site. Therefore, we hypothesized that TGN-resident signals 

have to be maintained by adaptor proteins and/or have to be fast transmitted via the actin 
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cytoskeleton to target sites. To advance our concept of endomembrane CCR7 signaling we 

aimed to isolate the CCR7-Vav1 complex and determine putative interaction partners. We 

purified the complex by using the BiFC technology combined with nano-traps, immobilized 

small single stranded camelidae antibodies that recognize only the 3D structures of YFP after 

complementation (Figure S5C). By Mass-spectometry analysis we identified that the adaptor 

protein 14-3-3ε specifically interacted with the CCR7-Vav1 complex. Although 14-3-3 

proteins have no intrinsic enzymatic activities or particular subcellular localization, due to 

their inherent rigidity and their propensity to homo-dimerize, they exert their function 

through : (1) stabilizing certain conformations of client proteins (clamping), (2) occluding 

certain sorting signals or structural motifs through binding (masking) and (3) providing a 

platform for recruitment of multi protein complexes (scaffolding). Monitoring of the CCR7-

14-3-3ε association demonstrated that CCL19 and CCL21 stimulation triggered CCR7-14-3-3ε 

interaction not only at peri-nuclear regions but also most prominently at the PM (Figure 5A). 

The same pattern emerged when we stimulated mature moDCs with CCR7 ligands and 

determined endogenous CCR7 - 14-3-3ε complex formation using PLA (Figure S5D). As 14-3-3 

protein interaction is mediated via serine/threonine phosphorylation of target proteins, we 

pharmacologically blocked serine/threonine kinase activity by staurosporine. Kinase 

inhibition abrogated endogenous CCR7 - 14-3-3ε interaction in human mature moDCs 

(Figure S5E). Further, we demonstrated that Vav1 and 14-3-3ε already associated in steady 

state conditions (Figure 5B). However, after CCR7 stimulation, the Vav1 - 14-3-3ε complex 

accumulated in the peri-nuclear region (Figure 5B). In summary, we propose a mechanism in 

which PM signals are transmitted to TGN-resident CCR7 pools, initiating a not yet addressed 

signaling pathway via the interaction of CCR7 and Vav1 that is stabilized by a dimeric 14-3-3ε 

complex which is required to sustain spatial and temporal signaling information. 

The emerging question was: what is the biological function of a signaling pathway that 

depends on the association of signaling molecules with endomembranes and is regulated by 

endocytosis and recycling to the PM? To this end, it was shown that endocytic trafficking of 

Rac1 and its recycling to the PM is required for the transduction and spatial resolution of 

information from motogenic stimuli436. As Vav1 is one of the major GEFs for Rac1 in 

leukocytes, we were prompted to investigate on the involvement of Rac1 in a signaling 

pathway initiated at endomembranes. Accordingly to our hypothesis, we found that CCR7 
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and Rac1 established a multi protein complex upon ligand stimulation in the presence of 

Vav1 (Figure 5C). This complex was localized to the peri-nuclear region but was most 

prominently found in cell membrane protrusions, which are necessary for cell migration 

(Figure 5C). The absence of Vav1 rendered cells incapable of initiating CCR7-Rac1 complexes 

and of producing large membrane protrusion in response to CCL19 and CCL21 (Figure 5C). To 

dissect the signaling pathway initiated at endomembranes on the molecular level, we 

monitored the spatial and temporal localization of CCR7-Rac1 complex in life cell 

experiments. We stimulated the cells with CCL19 and subsequently observed CCR7-Rac1 

interactions which occurred at the TGN region (Figure 5D). Consecutively, the signaling 

complex translocated to the PM in a process accompanied by actin polymerization, 

presumably mediated by active Rac1, as visualized by Lifeact co-localization. After 15 min of 

stimulation, a substantial amount of CCR7-Rac1 complex was found in actin filled membrane 

protrusions (Figure 5D). Over time, the signal for CCR7-Rac1 complex at the TGN decreases, 

while CCR7-Rac1 is predominantly found in peripheral membrane ruffles. In summary, 

convergent observation supported a model explaining how endomembrane signaling allows 

cells to resolve guidance cues according to precise time kinetics and spatially defined sites of 

action. In this model, CCR7 surface activation (Figure 6A, 1) is transmitted via β-arrestin and 

Src (Figure 6A, 2) to TGN resident CCR7 pools that serve as a platform to initiate a multi-

protein complex (Figure 6A, 3). In this complex, the GEF Vav1 and Rac1 are involved in 

redirecting CCR7 and active Rac1 to confined spaces at the PM, which results in actin-

dependent membrane protrusions (Figure 6A 5). 
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Figure 5. The endomembrane-specific CCR7-Vav1 complex is stabilized by 14-3-3ε proteins 
and is associated with the small GTPase Rac1 
(A/B) Interaction of either CCR7 and 14-3-3ε (A) or Vav1 and 14-3-3ε (B) was visualized by BiFC upon 
ligand stimulation (0.5 μg/ml CCL19 or CCL21). Shown are pictures form one out of three 
experiments (C) Association of CCR7 and Rac1 in the presence (upper panel) or absence (lower panel) 
of Vav1 in CCR7 YFP1 and YFP2-Rac1 transiently transfected HEK293 cells. Cells were stimulated for 
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indicated time points with (0.5 μg/ml CCL19 or CCL21). One out of three experiments. (D) Life cell 
experiment of Lifeact stable transfected HEK293 cells transiently transfected with CCR7 YFP1, YFP2-
Rac1 and Vav1 HA. 0.5 μg/ml CCL19 was added at t = -1min and interaction and translocation of 
CCR7-Rac1 together with actin polymerization was continuously monitored using BiFC and confocal 
microscopy. Scale Bar: 10μm.    

Figure S5. Src is 
phosphorylated on 
Y416 upon CCR7 
triggering and CCR7 
associates with 14-3-3 
upon ligand stimulation 

(A) pY416 Src was 
visualized in mature 
moDCs in steady state 
condition or upon ligand 
stimulation  (0.5 μg/ml 
CCL19 or CCL21) by 
immunostainings. Co-
localization with TGN46 
was assessed using 
confocal microscopy. One 
experiment out of three 
with different donors. (B) 
Phospho-Src Y416 was 
stained in either HEK293 
wild type cells or HEK293 
cells stably transfected 
with CCR7 HA. Cells were 
stimulated with 0.5 μg/ml 
CCL19 or CCL21 and Src 
activation was determined 
by fluorescence 
microscopy. One out of 
three experiments. (C) 
Purification of CCR7-Vav1 
complex using GFP nano-
trap and subsequent 
analysis of potential 
interaction partners using 
a mass-spectometry 
approach. (D/E) 
Endogenous CCR7-14-3-3 
interaction in human 
moDCs was assessed in 
situ by PLA. Mature 
moDCs were either pre-
treated for 2h with 10μM 
staurosporine or left 

untreated. One micrograph from three independent donors. Scale Bar: 10μm.   
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Differential usage of vesicular trafficking in CCR7-mediated migration 

During directional migration towards CCL19 and CCL21, whether in two or three 

dimensions, leukocytes have to polarize themselves towards a gradient through polarization 

of CCR7 and its intracellular signaling and trafficking. In addition, leukocytes must coordinate 

the adhesion to the ECM and the remodel their actin cytoskeleton to generate cell 

protrusions and forward movement. We therefore addressed the role of endomembrane-

initiated CCR7 signaling on T cell and DC chemotaxis. We monitored 2D and 3D migration of 

primary human T cells, mouse spleenocytes and human moDCs towards CCL19, CCL21 and 

CXCL12, in the presence or absence of BrefeldinA which inhibits Golgi export. Migration of 

primary human T cells in 2D was not affected by the inhibition of vesicular trafficking (Figure 

6B). However, when primary human T cells had to migrate through a loose 3D extracellular 

matrix, that not only provides confined space but also integrin ligands, chemotaxis was 

elevated by the pre-treatment with BrefeldinA (Figure 6C). Notably, blockade of vesicular 

trafficking, even in the absence of a chemotactic trigger, enhanced random motility in 

primary human T cells (Figure 6C).  Interestingly, inhibition of Golgi export via BrefeldinA 

pre-treatment did not alter mouse spleenocyte migration in 2D or through 3D matrigel 

towards CCR7 and CXCR4 ligands (Figure 6D, 6E), pointing to species-dependent differences 

in CCR7 signaling from endomembranes. In contrast to migration of  human T cells through a 

loose 3D extracellular matrix, Golgi export blockade by BrefeldinA treatment inhibited 

chemotaxis of matured moDCs in either 2D or 3D (Figure 6F, 6G).  

The fact that inhibition of Golgi export, and thereby a block of CCR7 endomembrane 

signaling, did not affect mouse spleenocyte chemotaxis but enhanced  human T cell 

migration and decreased human moDC migration, led to the hypothesis that intracellular 

CCR7 signaling is involved in generating low adhesive capability of leukocytes during 

pseudopodial amoeboid migration. In fact, high Rac1 activity, as it is spatially generated 

through CCR7 endomembrane signaling, favors the protrusion of pseudopodia that adhere 

to cell and ECM substrates, whereas lowering Rac activity in the presence of active Rho 

supports rounded cell shape, less or no adhesion to ECM and bleb-like protrusions451-453. To 

test whether endomembrane CCR7 signaling is involved in adhesion to ECM substrates 

through FA, we examined Vav1 translocation, as one feature of intracellular CCR7 activation, 

to FA stained with (Figure 6J). We clearly showed that upon CCR7 stimulation, along with the 
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occurrence of large Rac1-dependent protrusion, Vav1 was translocated form peri-nuclear 

regions to PM and co-localized with the FA marker vinculin (Figure 6J). As CCL19 and CCL21 

can induce both actin cytoskeleton polarization and integrin activation, we concluded that 

the herein identified intracellular CCR7 signaling complex contributes to the decision of 

leukocytes whether only one or both responses are initiated, for instance, whether the cells 

adhere and migrate or migrate. 
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Figure 6. Golgi export blockade elevated chemokine-driven T cell migration through 3D 
matrix but decreases moDC migration 
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(A) Schematic illustration of endomembrane CCR7 signaling on a picture taken from CCR7-Rac1 
interaction/translocation experiment (Figure 5C). Ligand triggering of CCR7 results in CCR7 
serine/threonine phosphorylation and β-arrestin-mediated endocytosis (1). CCR7 PM activation is 
transmitted via β-arrestin and Src (2) to TGN-resident CCR7 pools that serve as a platform to initiate a 
multi-protein complex involving the GEF Vav1 and the adaptor protein 14-3-3 (3). Subsequently Rac1 
is recruited (4). Initiation of CCR7 endomembrane complex redirects CCR7 and active Rac1 to 
confined spaces at the PM, resulting in actin dependent membrane protrusions (5). (B/C) Human 
primary T cell migration towards 100 ng/ml hCCL19, hCCL21 and CXCL12 pre-treated or left 
untreated for 2h with 5μg/ml BrefeldinA (vehicle = 95% EtOH). T cell migration was assessed using 2D 
Transwell migration assay (B) or determined through 3D matrigel (C). Number of migrated cells in 
comparison to the input was calculated. Mean ± SEM of nine experiments using healthy donors. 
(D/E) BalbC mouse spleenocyte migration pre-treated or left untreated for 2h with 5μg/ml 
BrefeldinA towards 50nM mCCL19, mCCL19 or CXCL12. 2D migration was determined by 2D 
Transwell migration assay and 3D migration was assessed through 3D matrigel. Mean ± SEM of four 
experiments of individual mice. (F,G) Migration of human moDCs matured in the presence (H,I) of 
PGE2, pre-treated or left untreated for 2h with 5μg/ml BrefeldinA. Migration was performed towards 
100ng/ml hCCL19, hCCL21 or CXCL12. 2D migration was determined using 2D Transwell migration 
assay (F) and 3D migration was assessed through 3D matrigel (G). Mean ± SEM of five individual 
donors. (H) Co-localization analysis of HEK293 cells stably expressing CCR7 HA. Cells were transiently 
co-transfected with Vav1 YFP and stimulated for indicated time periods with 0.5 μg/ml CCL19 or 
CCL21. Vav1 YFP translocation to focal adhesions, stained with vinculin, was determined by confocal 
microscopy. Depicted are micrographs of one experiment out of four. Scale Bar: 10μm.   

Discussion 

For chemokine receptor signal transduction, it is obvious that receptor endocytosis, 

through removal of receptors from the cell surface, is one of the main ways how signals can 

be attenuated. However, we have gained evidence that chemokine receptor endocytosis has 

a much broader impact on resolving guidance cues beyond limiting receptor accessibility. 

According to our novel concept, activation of  CCR7 on the PM transmits signals via β-

arrestin and Src translocation to TGN-resident CCR7 receptor pools, which initiate multi-

protein signaling complexes resulting in Rac1 activation, actin polymerization and recycling 

of CCR7.In addition, active Rac1 and Vav1 are redirected to distinct spaces at the PM, 

ultimately leading to the formation of actin mediated cell membrane protrusions.  

This set-up allows guidance cues to be decoded by cells according to precise kinetics and 

to be resolved at spatially confined sites of action. This concept can be advanced by taking 

into account that caveolar endocytosis frequently occurs only at the trailing edges of 

migrating cells454, while clathrin mediated endocytosis coupled to fast recycling is restricted 

to advancing leading edges455. These convergent observations suggest that polarized 

locomotion, through spatial restriction of two independent CCR7 signaling pathways and 

confined recycling of active Rac1, is supported by a front-rear distribution of diverse 
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endocytic routes with different kinetics. This notion can be further extended by taking into 

account the biological function of clathrin- and raft-independent routes. For instance, the 

clathrin-independent carrier internalization pathway has been shown to be responsible for 

the vast majority of bulk endocytosis in lamellopodia and to be required for directional cell 

migration456.  

On the cellular level, CCL19 and CCL21 control leukocyte positioning by eliciting two 

major responses: (1) integrin activation that causes adhesion to endothelial surfaces (e.g. 

during extravasation from the bloodstream) and (2) polarization of the actomyosin 

cytoskeleton that generates forward forces to allow migration along gradients. The recent 

concept of how CCR7 and its ligands orchestrates leukocyte migration involves the existence 

of large haptotactic gradients of immobilized CCL2197, whereas solubilized CCL19 or CCL21 

provide directional guidance cues11. However, the migration on pre-deterministic 

haptotactic scaffolds comprises the activation of integrins and the adhesion to cell surfaces, 

otherwise cells would lose surface contacts and `fall of the tracks`. On the other hand, 

antigen-independent but chemokine induced integrin activation of T cells would arrest T 

cells on DCs and FRCs during initiation of the adaptive immune response, which would cause 

interlymphocyte clumping and premature lymphocyte arrest234. Therefore, CCR7 and 

integrin activation must be tightly controlled to simultaneously maximize haptotactic 

movements on CCL21 immobilized tracks and interstitial locomotion in the search for rare 

antigens by minimizing antigen-independent sticking to DCs, stroma and other 

lymphocytes234.  

The herein presented concept of CCR7 endomembrane signaling helps to resolve the 

dilemma between adhesion-dependent CCR7-driven migration during lymph node homing 

and integrin independent CCR7 mediated migration in the interstitium. Previous studies 

show that cells migrating on CCL21 induce compartmentalized clustering of the integrins 

LFA-1 and VLA-4 in motile lymphocytes, but both integrins remain non-adhesive in shear-

free environments457. In addition, the homodimeric protein talin, which physically links 

integrin β subunits with the actin cytoskeleton458, is clustered and polarized in CCL21-driven 

leukocyte migration457. In T cells, the Vav-talin complex is targeted by chemokine signaling 

which promotes Vav1 dissociation from talin, thereby increasing talin binding to integrins 

and adhesion strengthening459. Taken together, we suggest that association of CCR7 with 
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Vav1 on endomembranes, in response to a chemokine trigger, does not only induce 

transportation of new responsive CCR7 molecules and active Rac1 via fast recycling, but aslo 

causes re-localization of Vav1 to confined spaces at the PM. Here, Vav1 associates with talin 

and FA (Figure 6J), thereby keeping integrin polarized but unresponsive. This `silencing` of 

firm integrin adhesiveness minimizes antigen-independent binding that could otherwise 

result in the sticking of T cells to adjacent leukocytes, while navigating in the highly packed 

network of lymph nodes. The presence of shear flow, prevailing at lymphocyte-endothelium 

contacts, provides a second mechano-transduced signal, reversing integrin silencing and 

resulting in chemokine-induced integrin adhesiveness457.  

In addition to integrin `silencing`, the asymmetrical distribution of integrins in polarized 

cells during chemotaxis is not only mediated via clustering, lateral diffusion and interaction 

with the actin cytoskeleton, but is also established due to their continuous internalization 

and recycling from and to the PM424. The interwoven scenario that is emerging here 

connects intracellular CCR7 signals, localized Rac1 activation and integrin-mediated 

adhesion. In this model, a proportion of Rac proteins – activated on endomembranes – is 

recycled back to distinct regions at the PM known as lipid rafts460, 461. Integrin triggering 

maintains those cholesterol-rich membrane domains, which subsequently accumulate with 

active Rac1, and thereby restrict the amount of active Rac1 near integrins at distinct sites of 

the PM460, 461. Consequently, high Rac1 activity conveys leading edge protrusions and 

nascent focal adhesions that anchor the leukocyte cortex to the ECM. Vice versa, if cell 

adhesion is reduced to a low level, for example by interference with the integrin-talin axis, 

FA do not form or do not reach maturation462. As a consequence, cells convert to a less 

elongated morphology and transmit limited adhesion strength towards the ECM or cell 

surface462. During such adhesion-independent migration of rapidly moving lymphocytes, 

Rac1-dependent leading edge protrusions intercalate with the porous lattice of the ECM 

whereby lateral expansive forces drag along the cell rear107. Leukocytes, including DCs and 

lymphocytes, in vivo use a predominantly actin-protrusive, integrin-independent migration 

mode in the interstitium107. However, CD4+ effector cells were recently shown to migrate in 

an integrin-dependent manner during inflammation463, which challenges a generalized 

model of integrin-independent leukocyte migration. In addition, DCs can migrate along 

adhesive and non-adhesive surfaces by switching between integrin-dependent and integrin 
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independent mechanisms without any appreciable decrease in migratory velocity or 

directionality 421. Therefore, by limiting a potential switching mechanism, via blocking Golgi 

export and thereby (1) uncoupling CCR7-mediated migration from Vav1 translocation to FA, 

(2)inhibiting translocation of active Rac1 to confined spaces and (3)cutting of supply of 

responsive CCR7, renders DCs less capable of driving directional migration towards CCR7 

ligands (Figure 6F, 6G, 6H, 6I). Controversially, T cell migration driven by CCR7 ligands, is 

markedly enhanced by blockade of intracellular vesicular trafficking, suggesting a differential 

usage of CCR7 endomembrane signaling. This is not of surprise, as DCs, in contrast to T cells, 

do not have to cope with the above mentioned balancing act between: CCR7-driven integrin 

activation during adhesion and crawling on endothelial cells to enter lymph nodes on the 

one hand, and on the other hand, sustained CCR7 mediated integrin-independent motility 

on haptotactic gradients in the lymph node parenchyma. 

From a cell biological view, chemotaxis can be divided into three distinct processes of 

motility, directional sensing and polarity464: (1) motility involves a periodic extension and 

retraction of pseudopodia coupled with regulated adhesion465, 466, (2) directional sensing 

refers to the ability of cells to read and resolve gradient information and to bias the motility 

machinery 464 and (3) polarity described an elongated state where asymmetrical distribution 

of signaling occurs. Frequently discussed models to describe these processes are based on 

`gradient amplification` and propose that small external gradients in chemoattractants are 

translated into an internal asymmetric distribution of second messengers that orients 

towards the gradient source467, 468. These models have in common that they assume a spatial 

cell-wide integration of individual receptor stimuli that defines the gradient source. The 

Golgi-anchored endomembrane signaling we herein observed can be viewed as an extension 

of these models. Thereby, one important aspect constitutes the orientation and positioning 

of the Golgi apparatus in polarized and non-polarized cells, which could serve as an internal 

`compass` necessary for cells to induce and sustain chemotaxis469-471. The most obvious 

explanation of this `compass` function is the orientation of the Golgi and the microtubule-

organization-center in the direction of migration, which facilitates polarized signaling 

towards the leading edge. Furthermore, cells display a random but asymmetric distribution 

of the Golgi, which provides the cell with directionality and continuous recirculation of Rac 

and integrins, potentially resulting in the observed rhythmic extensions of pseudopodia. 
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Directional sensing involves the reading of external cues and the bias of cell extensions, 

which is provided via a spatial restriction of specific signaling pathways at the PM and at 

endomembranes. Moreover, an asymmetrical recycling towards the Golgi of active signaling 

molecules, integrin regulating molecules and new receptors adds to the bias. Finally, polarity 

describes an elongated state where projections extend mostly from the cell anterior, even in 

the absence of or in a uniformly concentrated chemoattractant, corroborating the notion of 

an asymmetrical internal cell `compass`. Along this line, un-polarized cells will form a new 

front when exposed to a fresh gradient, while polarized cells gradually turn468. Therefore, we 

propose an extension of current chemotaxis models, whereby intracellular amplification 

mechanisms are also able to elicit PM excluded signaling pathways coupled to an internal 

compass provided by signaling anchorage to the Golgi.   

Experimental procedures 

Materials 
Recombinant human CCL19, CCL21 and CXCL12 as well as mouse CCL19 and CCL21 were 

purchased from PeproTech. Antibodies from the following sources were used: anti-human CCR7 (LS-
B4064) (LifeSpan Biosciences) used in western blot analysis; anti-human CCR7 (SAB4500329) (Sigma-
Aldrich) used in proximity ligation assay, anti-human CCR7 APC and FITC (FAB197A/F) (R&D Systems), 
anti-human CCR5 APC and FITC (FAB1802A/F) (R&D Systems), anti-human TGN46 (2F7.1) (abcam), 
anti-human β-actin (AC15), anti-human vinculin (ab18058) (abcam), anti-human Rab6a (ab55660) 
(abcam), anti-human EEA (14-EEA1) (BD biosciences), anti-YFP1 (E385) (abcam), anti-YFP2 
(11814460001) (Roche), anti-human Vav1 (2502) (Cell signaling technology) used in western blot 
analysis, anti-human Vav1 (9C1) (Abnova) used in proximity ligation assay, anti-human GM130 
(610823) (BD biosciences), anti-human giantin (PRB114C) (Cavance), anti-HA POD (H6533) (Sigma-
Aldrich), anti-14-3-3 pan (CG15) (Pierce) and anti-human pY416 Src (6943) (Cell signaling technology). 
Isotype controls for flow cytometry, Mouse IgG2A Allophycocyanin Isotype Control (Clone 20102) 
and Mouse IgG2A Fluorescein Isotype Control (Clone 20102) were purchased from R&D Systems. 
Streptactin chromeo568 was purchased from IBA, Göttingen and phallodin coupled to Alexa647 was 
purchased from life technologies. GFP-nano Trap was purchased from ChromoTek. Following drugs 
were purchased from Sigma-Aldrich: BrefeldinA, Dynasore hydrate and cycloheximide. Pertussis toxin 
and PP2 were purchased from Calbiochem,   

Construction of expression plasmids 
Cloning of pcDNA3-CCR7 EGFP, pcDNA3-CCR7 EYFP, pcDNA3-CCR7 ECFP and pcDNA3-CCR7 HA  

has been described previously12. Construction of pcDNA3-Vav1 EYFP was done analogously by 
performing PCR on full length human Vav1 using the primer pairs (5` CTG CGA ATT CTT GTA GAA GCG 
CGT ATG G 3` and 5` GAG CCT CGA GCA GAA TAA TCT TCC TCC ACG TA 3`) and followed by subcloning 
into pcDNA3 EYFP vector. The constructs pcDNA3 CCR7 YFP1/YFP2 were subcloned by PCR using full 
length CCR7 (aa 1-334) (5`-CTG CGA ATT CAT GGA CCT GGG GAA ACC AAT G and 5`-CTA TAT CGA TTG 
GGG AGA AGG TGG TGG TG) into BiFC vector214. The construction of pcDNA3-Vav1 YFP1/YFP2, 
pcDNA3-Gat1 YFP2, pcDNA3-CXCR4 YFP2, pcDNA3-Src YFP1 and pcDNA3-β-arrestin2 YFP2 was 
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performed analogously using following primer pairs: Vav1 (5` CTG CAA GCT TCT TGT AGA AGC GCG 
TAT G 3` and 5` GCC GAT CGA TGC AGT ATT CAG AAT AAT CTT CC 3`); Gat1 (5`-GCA TAA GCT TCA TGG 
CGA CTG ACA ACA G and 5`-GAA GAT CGA TGA TGT AGG CCT CCT TGC T); CXCR4 (5` GCG CGA ATT 
CAA TTC ATG GCT TAC CCG TAT G 3` and 5` CTG CAT CGA TGG AGC TGG AGT GAA AAC TTG AAG 3`); 
Src (5`-CTA CAA GCT TTG GCA TGG GTA GCA ACA AGA GC and 5`-CTA TAT CGA TGT AGA GGT TCT CCC 
CGG GCT G); β-arrestin2 (5` GCA CGG TAC CAT GCA GAT TTT CGT CAA GAC 3` and 5` CGC GAT CGA 
TGC AGA GTT GAT CAT CAT AGT C 3`). Generation of N-terminally tagged BiFC constructs was 
performed by PCR of full length human 14-3-3ε, Rac1 and of SH3-SH2-SH3 domain of human Vav1 (aa 
540-786) using the primer pairs (14-3-3ε (5` CTA TCT CGA GTG GAT GAT CGG GAG GAT CTG 3` and 5` 
GAA TGG GCC CGA CCC GAA CTC TAG ATC ACT GA 3`); Rac1 (5` CTA TCT CGA GTG CAG GCC ATC AAG 
TGT G 3` and 5` GAA TGG GCC CTT ACA ACA GCA GGC ATT TTC 3`); SH3-SH2-SH3 (5` GAT ACT CGA 
GGA CCC TTT CTA CGG CTC AAC 3` and 5` GAT ATC TAG AGG AAC CAG CCA ACC CGG CCA T 3`) and 
subcloning into the previously published N-terminally tagged BiFC vectors 214. Construction of the 
rapamycin recruiter plasmids TGN38-FRB-CFP, PM2-FRB-CFP and mRFP-FKBP12-Sac1 was previously 
described in 472 and kindly provided by H. Farhan. Sac1 was subsequently replaced by rapamycin 
inducible Src constructs by PCR using pUSE-RapR-Src-Myc (addgene #25933) and pUSE-RapR-SrcKD-
Myc (addgene #25934) as template and the primer pairs (5` CTT ACG ATC GAT GGG CAG CAA CAA 
GAG C 3` and 5` GAA TGG ATC CTG ACA GTT CTG CGC ACA C 3`). pCMV myc-Rab6a (addgene #46781) 
and pCMV myc-Rab6a (addgene #46782) were purchased from Addgene. Site directed mutagenesis 
was performed using the QuickChange II site directed mutagenesis kit (Agilent) following 
manufacturer`s instructions using the primers (Y155F 5` TCA GCA TTG ACC GCT TCG TGG CCA TCG TC 
3` and 5` GAC GAT GGC CAC GAA GCG GTC AAT GCT GA 3`). The mutation of arginine 154 was 
previously described in12. All primers were custom made by Microsynth, Balgach. 

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). Monocytes were separated from PBLs 
using anti-CD14-conjugated microbeads (Miltenyi). Monocytes (2x106 cells/ml) were then 
differentiated to immature moDCs in serum-free AIM-V (Gibco), supplemented with 50ng/ml IL-4 and 
50ng/ml GM-CSF (PeproTech) as previously described 12, 96. At day 6 immature moDCs were 
harvested and matured for 2 days in IL-4/GM-CSF-containing medium by adding the cytokine cocktail 
comprising 20ng/ml TNFα, 20ng/ml IL-6 and 10ng/ml IL-1  (PeproTech) in the presence or absence of 
1μg/ml PGE2 (Miniprostin E2, Pharmacia). PBLs, CD19+ sorted (Miltenyi) B cells and CD3+ sorted 
(Miltenyi) T cells were cultured in RPMI-1640 medium supplemented with 2% human AB serum 
(Lonza). Activated, CCR5 expressing, T cells were obtained by culturing CD3+ sorted cells for 9 days on 
anti-CD3/anti-CD28 coated dishes. 

Human epithelial kidney 293 (HEK293) cells and were grown and maintained in Dulbecco’s 
modified Eagle’s medium containing 10% FCS (Lonza). HEK293 cells were transiently transfected by 
TransIT-LT1 (MirusBio), according to the manufacturer`s protocol.  

Mouse embryonic fibroblasts (MEFs), as well as their knockouts, were grown and maintained in 
Dulbecco’s modified Eagle’s medium containing 10% FCS (Lonza). MEFs were transiently transfected 
by Lipofectamin 2000 (Life technologies), according to the manufacturer`s protocol. 

Hodgkin cell lines L428 and L591, as well as Raji cells00-19 pre B cells were and cultured and 
maintained in RPMI-1640 medium supplemented with 10% FCS, 1% non-essential amino-acids and 
0.5% β-mercaptoethanol (Lonza). 

Bimolecular Fluorescence Complementation (BiFC) assay 
Visualization of CCR7 oligomerization and of CCR7 interaction with signaling molecules by BiFC 

was performed essentially as described214, 222. In brief, HEK293 were co-transfected in a 1:1 ratio with 
splitYFP1 (y1) and splitYFP2 (y2)-tagged constructs. Transfected cells were left untreated or were pre-
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treated with 100ng/ml PTX or 10 μM PP2 for 2h. Subsequently, cells were left unstimulated or 
stimulated with 0.5 μg/ml CCL19 or CCL21, washed and fixed in 4% formaldehyde. For life cell 
analysis, untreated slides were transferred into pre-warmed ludin chamber with HEPES-buffered 
medium (DMEM, 10% FCS, 25mM HEPES) stimulated  with either 0.5 μg/ml CCL19 or left untreated 
and continuously imaged on a Leica TCS SP5 II laser scanning microscope using a 63x/1.4 NA oil-
immersion objective (Leica). For flow cytometry analysis, cells were subsequently detached and 
analysed on a LSR II flow cytometer (BD Biosciences). For immunofluorescence microscopy, cells 
were permeabilized using 0.2% Triton X-100 in PBG buffer (20mM glycine and 3% BSA in PBS pH7.4) 
and incubated with the appropriate antibody in 20% donkey serum/PBS, followed by incubation with 
Alexa Fluor labelled secondary antibodies (Life Technologies). Coverslips were mounted using 
polyvinyl alcohol mounting medium with DABCO (Sigma-Aldrich). Confocal mages were acquired on a 
Leica TCS SP5 II laser scanning microscope using a 63x/1.4 NA oil-immersion objective (Leica). 3D 
reconstitution was performed by Imaris using confocal images of 0.13µm thickness. 

Preparation of cell lysates 
1x106 moDCs were lysed in lysis buffer (10mM Tris-HCl, 150mM NaCl, 2mM MgCl2, 10% glycerol, 

0.4% N-dodecyl maltoside, supplemented with proteinase inhibitor mix (Roche), pH7.5) and total 
protein concentration was determined using 660nm Protein Assay (Pierce). Total protein amount was 
adjusted and cell lysates were transferred to SDS-PAGE gels and Western blot analysis was 
performed using indicated antibodies.  

Migration assays 
Cell migration on a 2-dimensional substrate was assessed by the 24-well TranswellTM Systems and 

polycarbonate filters with a pore size of 5µm (Corning Costar). Briefly, 1x105 cells were allowed to 
migrate for 3h to the lower compartment, containing 0.1µg/ml of either CCL19 or CCL21 or CXCL12. 
Where indicated, cells were pre-treated for 2h with 5μg/ml BrefeldinA or vehicle (EtOH).Migrated 
cells were harvested and cell numbers were determined by flow cytometry. For 3D migration, 
4.5x105 cells in 150μl medium were supplemented with 20 μl Matrigel (BD pharmingen) and seeded 
on top of 5µm (Corning Costar) 24-well TranswellTM System. Matrix was polymerized for 15 min at 

37°C and cells were allowed to migrate for 3h through the Matrix into the lower compartment. 

Co-immunoprecipitation 
HEK293 stably expressing CCR7-HA or CCR7-HA Y155F mutant were starved for 2h in media 

containing 0.5% FCS, stimulated at 37°C with 0.5µg/ml CCL19 or CCL21 for indicated time points and 
subsequently incubated for 3h at 4°C with 2.5mM DSP (dithio-bis-succinimidyl propionate; Pierce). 
Cells were lysed in lysis buffer (10mM Tris-HCl, 150mM NaCl, 2mM MgCl2, 10% glycerol, 0.4% N-
dodecyl maltoside, 1mM Na3VO4, 1mM NaF, supplemented with proteinase- and phosphatase-
inhibitor mix (Roche), pH7.5) and HA-tagged CCR7 was immuno-precipitated using anti-HA-agarose 
(Sigma-Aldrich). Immuno-precipitated proteins were analysed by Western blotting using specific 
antibodies 

Proximity ligation assay 
Interaction of CCR7 with Vav1 and CCR7 with 14-3-3 proteins in the presence or absence of broad 

serine/threonine kinase inhibitor staurosporine was examined using reagents from the Duolink® 
proximity ligation assay (Sigma-Aldrich) following the manufacturer's instructions. Briefly, human 
mature moDCs (48h matured with CC) were pre-treated with 10μM staurosporine for 2h where 
indicated, subsequently fixed in 4% formaldehyde on microscopy glass slides, blocked in 3% BSA, 
permeabilized, washed and incubated in primary antibody diluted 1:50 in donkey serum for 2h. Slides 
were washed and secondary antibodies harboring short nucleotide sequences diluted 1:5 in antibody 
diluent were added for 1h at 37°C. Oligonucleotides were ligated at 37°C and rolling circle PCR with 
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fluorescent nucleotides was performed for 2h. Slides were washed, nuclei stained with Hoechst and 
mounted. PLA was visualized using on an inverted Zeiss Axiovert 200 microscope or a Leica TCS SP5 II 
laser scanning confocal microscope using a 63x/1.4 NA oil-immersion objective. 3D reconstitution 

was performed by Imaris using confocal images of 0.13µm thickness. 

Quantitative real-time PCR 
Total RNA of MoDCs was isolated using the RNeasy Mini kit (Qiagen) and transcribed into cDNA 

using random hexamer primers and the Hi Capacity cDNA Reverse Transcription kit (Applied 
Biosystems). Amplification of transcripts was performed using the Fast SYBR Green PCR Master Mix 
on a 7900HT Fast Real-Time PCR System (Applied Biosystems) according to manufacturer`s 
instructions. For detection of CCR7 primer pairs were purchased from Qiagen.  

Immunostainings 
Briefly, HEK293 cells stable transfected with CCR7 or moDCs in different maturation stages were 

left untreated or either pre-treated with 80 μM Dynasore, 50μg/ml CHX or the combination thereof 
for 20h or 6h. Subsequently cells were fixed using 4% formaldehyde, permeabilized using 0.2% Triton 
X-100 in PBG buffer (20mM glycine and 3% BSA in PBS pH7.4) and incubated with the appropriate 
antibody in 20% donkey serum/PBS, followed by incubation with Alexa Fluor labelled secondary 
antibodies (Life Technologies). Coverslips were mounted using polyvinyl alcohol mounting medium 
with DABCO (Sigma-Aldrich). Confocal mages were acquired on a Leica TCS SP5 II laser scanning 
microscope using a 63x/1.4 NA oil-immersion objective (Leica) .3D reconstitution was performed by 
Imaris using confocal images of 0.13µm thickness. Fluorescence intensity and their ratiometric 
analysis was performed using ImageJ. 

Förster Resonance Energy Transfer (FRET) measurements 
Intermolecular FRET efficiency was measured on a Leica TCS SP5 II confocal microscope by 

donor-recovery after acceptor photo-bleaching (AB) using the corresponding FRET-wizard of the 
Leica LSM software. Briefly, HEK293 cells stably expressing CCR7-ECFP were transiently transfected 
with Vav1-EYFP. For FRET-AB cells were fixed with 4% formaldehyde, blocked in 3% BSA, washed and 
mounted in polyvinyl alcohol mounting medium with DABCO (Sigma-Aldrich). A pre-bleaching image 
was taken, acceptor of the whole cell was bleached at 100% laser intensity and FRET efficiency was 
calculated for each pixel with FRETeff = (Dpost bleach – Dpre bleach)/Dpost bleach using the macro of the FRET-AB 
wizard. Images were converted to TIFF files and analysed using ImageJ. Contrast and brightness of 
images were simultaneously adjusted with Adobe Photoshop CS6. 

Flow cytometry analysis – chemokine receptor inside out staining 
The CCR7 surface expression of CD3, CD19, immature moDCs, mature moDCs, Hodgkin 

lymphoma cells (L428, L591) and Burkitts lymphoma cells (L591) was assessed by incubation of 106 
cells with 15μl of monoclonal CCR7 antibody with indicated fluorophore for 60 minutes at room 
temperature. Cells were extensively washed and fixed for 10 minutes with 4% formaldehyde, blocked 
with 3% BSA in PBS. Subsequently cells were permeabilized using 0.5% saponine in 3% BSA/PBS for 
10 min at room temperature. Again, cells were incubated with 15μl of monoclonal CCR7 antibody of 
corresponding fluorophore in 0.5% saponine, 3% BSA/PBS for 60 minutes. After extensive washing 
with 0.5% saponine, 3% BSA/PBS, cells were resuspended in PBS and analysed on a LSR II flow 
cytometer (BD Biosciences). For each analysis, 10000 cells were measured and analysis was 
performed using FlowJo X.   

Rapamycin recruitment assay 
HEK293cells stable transfected with TGN38 FRBP CFP or PM2 FRBP RFP were transfected with 

cSRC FKBP12 RFP or cSRC DN FKBP12 RFP and Vav1-YFP1 and CCR7-YFP2. 24h after transfection the 
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cells were treated with 100nM Rapamycin for the indicated timepoints or left untreated and fixed 
using 4% PFA. Subsequently, the coverslips were mounted as described above. 

Retention Using Selective Hooks (RUSH) assay 
HEK293 cells, MEF (wildtype, β-arrestin1-/-, β-arrestin2-/-, β-arrestin1+2-/-, or β-arrestin1/2 rescue) 

cells were transfected with the RUSH constructs Str-KDEL_ss-SBP-EGFP-CCR5 or Str-KDEL_ss-SBP-
EGFP-CCR7. 24h after transfection the cells were treated with 45μM Biotin or left untreated. 
Subsequently, the cells were fixed using 4%PFA at the indicated timepoints. In the following, 
immunostaining was performed as described above. 

Statistical evaluation 
Significant differences between groups were assessed using ANOVA with either Tukey or Dunnett 

post-test using GraphPad Prism 6. *p<0.05, ** p<0.01, ***p<0.001  
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The outstanding migratory skills of leukocytes are central to the 

immunosurveillance of peripheral tissues and initiation of the adaptive immune 

responses against pathogens and cancer. Dendritic cells (DCs) patrol the 

periphery, to take up, process, and report antigens and their critical context to 

cells in secondary lymphoid organs. Naïve T cells are continuously re-circulating 

between the vasculature system and lymph nodes in search of their cognate 

antigen. Lymph nodes are multi-functional, highly organized, and 

compartmentalized organs, which bring antigen-loaded DCs and a vast number of 

scanning T cells in close proximity. Upon antigen encounter, naïve T cells undergo 

priming into an effector state, ready to exert their cytotoxic, helper or regulatory 

function to ultimately eradicate the intruder. CCR7 and its two ligands CCL19 and 

CCL21 are pivotal regulators of described functions and are central for positioning 

of T cells and DCs in the right place at the right time. Beside its ability to induce 

directional migration, CCR7 has been implicated in regulating other cellular 

functions such as proliferation and survival. Although significant progress has 

been made in the elucidation of immunological aspects of CCR7 function, the 

understanding of molecular mechanisms underlying CCR7-driven migration 

remain to be limited. To shed light on the molecular function of CCR7, we 

conducted several studies which supply new aspects in CCR7-driven directional 

steering.   
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Revisiting chemokine synergism - CCR7 and integration of spatial guidance 

cues 

T cells entering lymph nodes start to migrate constitutively, rapidly, and randomly in a 

movement that is also called `random bias walk`119, 316. To ensure an efficient scanning 

process in the T cell zone of the lymph nodes, they take the same pre-determined `streets` 

as DCs, provided by a scaffold of extracellular matrix conduits ensheathed by fibroblastic 

reticular cells (FRCs) that present immobilized CCL21 on their surface119, 316. The spatial 

information used by T cells, is stored in the immobilized chemokine gradient97. However, 

soluble CCL19, also produced by FRCs, provides an additional guidance cue267. In 

inflammatory conditions, pathogen experienced DCs enter the lymph nodes and serve as an 

extra source of chemotactic information. To ensure an efficient scanning process, activated 

DCs not only produce CCL1994, 113, but also cleave immobilized CCL21 to generate a soluble 

chemokine gradient towards themselves11. Soluble CCL19 and soluble CCL21 are able to 

induce CCR7 internalization and CCL19 efficiently desensitizes the system (chapter 4), 

thereby overriding the widely dispersed immobilized CCL21 gradient to guide T cells towards 

antigen presenting DCs. Homologous receptor desensitization by CCL19 and soluble CCL21 

are therefore rendering the cell less and less responsive and thus capable of detecting higher 

and higher CCR7 ligand concentrations, providing the cells with a wider dynamic range. 

Because DCs are just able to generate low amounts of soluble CCL21; soluble CCL21 is more 

potent in inducing T cell migration than its immobilized parental part (chapter 4). As a 

second mechanism to boost T cell scanning, DCs secrete gylcosidases, that de-glycosylate 

CCR7, thereby elevating CCR7-driven migration at sites of lower chemokine concentrations 

(chapter 4). Further, engagement of TCR and peptide loaded MHC-molecules results in 

changes in CCR7 triggered signaling pathways further boosting CCR7-driven directional 

steering (chapter 5). However, since a variety of chemokines are concomitantly produced, an 

even more complex picture emerges. Most leukocytes express more than one chemokine 

receptor and therefore they are able to integrate and respond to simultaneous migratory 

signals473-475. It has been reported that combination of chemokines can synergistically 

elevate migration towards the CCR7 ligands CCL19 and CCL2128. Surprisingly, there are 

fundamental differences in chemokine synergism between CCL19 and CCL21 (Figure 1A)28: 

While XCL1 thrives CCL21 mediated migration, CCL1 acts more synergistically with CCL19. 
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Paoletti et al. explained their observed phenomenon through the initiation of a heteromeric 

chemokine complex, acting on CCR7 to accelerate CCR7-driven locomotion. Surprisingly, the 

heteromeric chemokine complex was established in solution and not on GAGs28. However, 

the very rare occurrence of CXC and CC inter-subtype chemokine dimers, argues against 

their interpretation of a heteromeric chemokine oligomer acting on CCR7. Furthermore, 

Paoletti and coworkers showed that certain combinations of chemokines display their 

synergistic effect cell type specific28 (Figure 1B, 1C, 1D). Again, the large variation of 

synergism in value and specificity argues against a chemokine heteromeric complex 

formation that signals only through CCR7. In the light of chemokine receptor oligomeric 

complexes (chapter 2) and cell type specific multi-protein complexes that can amplify 

synergistically CCR7 mediated chemotaxis (chapter 5), we propose another interpretation of 

their data: (1) cell type specific oligomeric chemokine receptor complexes are established 

that are tailored to cell specific requirements; (2) through agonistic or antagonistic 

synergism, chemokine mediated migration is regulated and (3) possibly on the Ca2+ response 

level, signals are integrated, resulting in the in vivo observed Ca2+ bursts during intranodal T 

cell migration. Worth to mention is that chemokine synergism was observed at sub-optimal 

amount of CCR7 ligands (10nM), but high concentration of the synergistic chemokine 

(1μM)28. 

Convergent re-interpretation and careful analysis of the re-structured Paoletti data 

(Figure 1), lead us to the following hypothesis: (1) CCR7 does not oligomerize with CCR1, 

CCR2 and CCR5 but (2) is able to synergistically signal through CCR3, CCR4, CXCR2, CXCR3, 

CXCR5 and XCR-1 ; and (3) although there is evidence that synergism is mediated through 

receptor oligomerization, we conclude that signaling cascades initiated through certain 

chemokines are integrated and results in the elevated migratory output, e.g. both CXCL1 and 

CXCL2 signal through CXCR2, but the amount of synergism with CCR7 differ because both 

elicit distinct pathways (e.g. Ca2+ mobilization) (Figure 1A, B, C, D). Further it has to be noted, 

that according to Paoletti et al., T cells respond to a more restricted set of chemokines in a 

synergistic way, compared to DCs or B cells (Figure 1B, 1C, 1D)28. This might be due to 

different expression of chemokine receptors, or different lipid composition at the PM that 

allows for oligomerization of receptors and therefore restricts repertoire of synergy-inducing 

chemokines. Of note, synergistic activities of chemokines on leukocytes were also described 
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by other groups473-477. Along this line, we and others found a robust hetero-oligomerization 

between CCR7 and CXCR4 (data not shown), that accelerated CCR7-driven migration208. 

 

Figure 1. Chemokine synergism on CCR7-driven cell migration 

(A) Data taken from 28 and restructured for interpretation. Data were obtained using CCR7 
transfected 300-19 cells that were allowed to migrate towards 10nM CCL19 or CCL21 in the presence 
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of 1μM of indicated chemokine added to the lower well. (B) Synergistic effect of migration of mouse 
mature bone marrow derived DCs towards 10nM CCL21. (C/D) Chemokine synergism on CCL21 
mediated migration of mouse CD19+ sorted B cells (C) or CD3+ sorted T cells (D).The percentage of 
chemotactic increase was calculated as follows: the number of migrated cells at 10nM was 
subtracted from the number of cells that migrated at 100nM, with the difference representing 100% 
of chemotactic increase. Synergistic effects are given as percentage of this chemotactic increase.  

 

Thus, it is tempting to make predictions on the potential outcomes of the herein outlined 

concepts: (1) upon pathogen encountering, DCs mature and change their chemokine 

receptor expression. For instance, inflammatory receptors such as CCR1, CCR2, CCR6 and 

CCR5 are down-regulated94 and therefore get limited at the PM, while CCR7 expression is 

highly up-regulated. Further, a purinergic signaling amplification loop is co-upregulated 

(chapter 5), providing a molecular basis for lymphoid tissue homing of mature DCs. In 

addition the inflamed tissue is saturated with inflammatory chemokines, which would not 

only attract immature DCs in a first step, but also induce migratory and signaling synergism 

on CCR7 expressing cells through oligomer chemokine receptor arrangement. Thereby, 

inflammatory chemokines increase the capacity of mature DCs to home to secondary 

lymphoid organs. (2) CD19+ B cells express readily CXCR5, CXCR4 and CCR7 to home to 

CXCL13 expressing follicular zones of secondary lymphoid organs. To reach their destination, 

a balance between CXCR5 and CCR7 (CCL19 and CCL21 is expressed in T zone) potency and 

signaling is essential. To limit CCR7 signaling, thereby ensuring the right positioning to 

follicles, CCR7 is highly glycosylated (chapter 4). Further, CCR7 ligands help, in a synergistic 

way, to amplify CXCL13-driven migration towards the follicular zone28. After antigen binding 

and BCR triggering, they need to change the balance of CXCR5 and CCR7 to move to the 

boundary between B and T cell zone to interact with T helper cells. Again, chemokine 

/chemokine receptor synergism would aid to their repositioning. (3) Vice versa, a co-

operation of CXCL13 and CCL19/CCL21 might help in re-locating B-helper T cells to the 

follicular zone to exert their function. Furthermore, CCR7 expressing central memory cells 

harbor also CXCR3 and CCR3 on their surface478, therefore interplay in signaling between 

CCR7 and CXCR3 and CCR3 might help to leave inflamed tissue and facilitate repositioning in 

secondary lymphoid organs.  

Hence, the molecular function of CCR7 is still incompletely understood and there has a 

lot more progress to be made to elucidate the underlying mechanism. However, the next 
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challenge will be to complete the mapping of CCR7 signaling cascades as well as a better 

understanding of the regulation and function of the CCR7 –CCL19/CCL21 axis. 

Revisiting intracellular mediators of CCR7 signaling 

CCR7 and its G-protein coupling 

The signaling pathways induced by the CCR7 – CCL19/CCL21 interaction, which lead to 

macro rearrangements necessary for cell migration like integrin activation that causes 

adhesion to endothelial surfaces and polarization of the actomyosin cytoskeleton that 

generates forward forces to migrate along gradients, are not yet fully characterized and 

appear to be somehow unconnected. The herein presented concepts of homo- oligomeric 

(chapter 2), hetero- oligomeric CCR7 receptor arrays (chapter 5) and CCR7 signaling from 

endomembranes (chapter 7),  help to connect single observations and conclusions to 

generate a more holistic view of signaling pathways elicited by the CCR7 – CCL19/CCL21 axis. 

We hypothesized that in an oligomeric receptor arrangement some receptors remain 

uncoupled from heterotrimeric G-proteins, due to steric hindrance. Assuming a 1:1 

stoichiometry of chemokine – chemokine receptor binding, as it is shown for the 

prototypical chemokine receptor CXCR432, every receptor molecule in a linear oligomer is 

occupied by a ligand but only every second receptor couples to a heterotrimeric G-protein, 

pointing to the occurrence of G-protein-independent signaling. Taking into account recent 

structural insights into the dynamic process of GPCR signaling52, we can further advance the 

concept of oligomeric CCR7 signaling by: (1) unbound receptors exist predominantly in two 

inactive conformations (S1 and S2) (2) ligand binding results in increased conformational 

heterogeneity and the coexistence of inactive, intermediate and active states (S3 would 

represent the receptor conformation for G-protein-independent signaling) and (3) coupling 

to G-proteins leads to a complete transition of receptors to one active conformation (S4)52 

(Figure 2A). Hereby, receptor conformations differ mainly in the rearrangement of TM6, 

suggesting an allosteric modulation of receptors in an oligomeric receptor array. However, 

our oligomeric CCR7 structural model proposes that TM6 is not involved in the interface 

formation of CCR7 receptor arrays (chapter2). Therefore, we discarded the idea of allosteric 

modulation through adjacent CCR7 molecules. Interestingly, TM6 rearrangement, through 

the conserved ionic lock48, is coupled to the amount of space around TM3. As we have 
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shown that G-protein-independent pathways, through tyrosine kinase signaling, can be 

initiated through phosphorylation of the DRY motif tyrosine in TM3, we speculate that 

indeed ligand induced conformational disruption of the ionic lock is key to the receptor 

arrangement to induce G-protein parallel signaling. Along this line, it has already been 

shown that disruption of the ionic lock is not generally important for G-protein activation479 

but remains a conserved feature of GPCRs.  

Figure 2. Intra-cellular effectors of CCR7 triggering 

(A) Model of GPCR conformational dynamics in the inactive, inverse agonist and agonist occupied 
state. Ligand triggering induces conformational heterogeneity. The full active state is only stabilized 
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in the presence of G-protein coupling. Inverse agonist binding increases the rate of exchange 
between S1 (ionic lock intact) and S2 (ionic lock broken), thereby reducing lifetime of both states. 
Pictures are taken from 52. (B) Model for spatio-temporal maturation of vesicle associated PIP3-lipid 
signalling restricted to the PM, through the activation of PTEN along microtubules. Graph is adapted 
from480. (C) Model of oligomeric (CCR7) receptor arrangement (PDB 4GPO) with modelled interaction 
of β-arrestin according to 481. N-terminal segment is highlighted in yellow and C-terminal segment in 
brown. Additionally, putative USP7 TRAF domain (blue, PDB 2F1W) interaction with N-terminal 
segment of β-arrestin is shown in red. (D) Model of oligomeric (CCR7) receptor arrangement (PDB 
4GPO) with modelled interaction of β-arrestin according to 481 and G-protein (Gs) interaction taken 
from (PDB 3SN6)51. Gα subunit is coloured in blue, Gβ subunit in red, Gγ subunit in orange. To 
illustrate potential Src interaction, structural information of Src is added in green. Further, the known 
β-arrestin - Src interaction motif is highlighted in dark green and the receptor C-terminus with 
serine/threonine phosphorylation clusters interacting with β-arrestin shown in dark red. 

 

An ultimate question, to interpret signaling in an oligomeric receptor model, that arises 

here, is reflected by a longstanding debate in the GPCR field, a kind of `Gretchen-question`: 

… Do you believe in G-protein pre-coupling? And the answer is also related to Goethe`s Faust 

–… who can really say I believe in G-protein pre-coupling? In general, there are two 

distinctive concepts of interaction between receptor and G-proteins: collision coupling and 

pre-coupling (and several variants thereof). The principle of collision coupling describes an 

agonist occupied receptor that `collides` with free G-protein and activates it. In the pre-

coupling concept, a stable receptor G-protein complexes already exist in the absence of 

ligands and ligand occupancy induces conformational rearrangements in the receptor, 

leading to G-protein activation and dissociation482, 483. However, it should be noted that the 

difference between both concepts is rather a matter of kinetics, activation state of the 

receptor and G-protein - receptor stoichiometry. Nonetheless, there is accumulating 

evidence for both, collision coupling and pre-coupling of GPCRs. Another prominent principle 

worth mentioning, is an intermediate between pure collision coupling and pre-coupling, 

termed `dynamic scaffolding` that describes a transient receptor G-protein complexing484. As 

membrane compartmentalization through cholesterol regulates CCR7 oligomerization 

(chapter 2), one could argue that the receptor – G-protein stoichiometry is influenced by this 

compartmentalization. Further, the concepts of collision coupling and pre-coupling can also 

be extended to other molecules, such as Src kinases, that directly interact with receptors.  

Although recent evidence suggests that other G-proteins, such as Gαq485, are involved in 

transduction of CCR7 signals, the best characterized G-protein known to be coupled to CCR7 
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is the heterotrimeric G-protein subunit Gαi80, 85. As we have shown that CCR7 is not only able 

to promote homo-oligomerization and activate a G-protein-independent signaling pathway, 

but also exists in hetero-oligomeric multi protein complexes with other GPCRs (chapter 5), it 

is difficult to dissect direct or indirect activation of intracellular signaling cascades. 

Moreover, we suggested a cell type specific, tailor made composition of CCR7 multi-protein-

complexes (chapter 5), that further complicates the interpretation of observations on CCR7 

signaling.  

Nevertheless, following CCR7 ligand occupancy and coupling to a G-protein, there is an 

exchange of bound GDP for GTP by the Gαi subunit of the G-protein, leading to the 

dissociation of the heterotrimeric proteins into Gαi and Gβγ subunits. The dissociation 

allows the Gα subunit to diffuse in the inner leaflet of the PM, inhibit adenylate cyclase 

function and to decrease the cytosolic concentration of cyclic AMP, simultaneously limiting 

activation of PKA. The dependence of CCR7-driven migration and signaling on heterotrimeric 

G-proteins of the Gαi subtype has been established by pre-treatment with pertussis toxin 

(PTx), which ADP-ribosylates Gαi and thereby uncouples Gαi from CCR7 activation127, 196. 

However, a detailed characterization of the inhibitory effects of ADP-ribosylated Gαi in CCR7 

signaling remains to be elusive. The main question in this setting is, whether the inhibitory 

effect of ADP-ribosylated Gαi is direct through blockade of CCR7, or indirect through 

elevated and sustained homeostatic cAMP levels, as it has been shown for CXCR4486. 

Although the Gαs agonist cholera toxin has little or no effects on CCR7-driven cell 

migration72, further migration experiments targeting cAMP levels, through forskolin or PDE 

inhibition, are still needed to provide further mechanistic insights into this process.  

Of note, the cAMP concentration in unstimulated T cells, in contrast to DCs, is very low; 

suggesting that in T cells the inhibitory effect of CCR7 triggering on adenylate cyclase activity 

may have a significant impact only on effectors that are sensitive to small variations in 

intracellular cAMP. Thus, there might be cell type specific differences already on the level of 

cAMP effectors487. 

CCR7 and PI3K activity 

However, other PTx sensitive effects have been shown to occur in response to CCR7 

activation, for instance phosphorylation of ERK1/2488 (as part of the MAP kinase cascade) 

and increase of Ca2+ mobilization (chapter 5), most likely through the Gβγ subunit. 
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Importantly, Gβγ subunit mediated Ca2+ response, through phospholipase C activation that 

cleaves phosphatidylinositol 4,5 bisphosphate (PIP2) to diacylglycerol (DAG) and inositol 

1,4,5-trisphosphate (IP3), have been shown to be necessary for CCR7 mediated DC 

migration210. Decisively, it appears that signal integration of different GPCRs (chapter 5), but 

also TCR activation and integrin signaling, occurs on the level of intracellular Ca2+ 

mobilization365. The emerging principle here is: the magnitude and duration of Ca2+ spikes 

directly influences the basal speed of T cell migration in the lymph nodes. However, the 

molecular mechanism linking Ca2+ mobilization with cytoskeleton remodeling remains to be 

elucidated365.  

Nevertheless, the Gβγ subunit is not only responsible for PLC mediated Ca2+ mobilization 

but also known to activate phosphoinositide 3-kinase (PI3K).  PI3K catalyzes the 

phosphoinositide conversion required for the PM recruitment and the assembly of signaling 

complexes including the Rac GEF DOCK2489, 490. Although, Gβγ triggered activation of  PI3K is 

implicated in controlling cell migration in general468, 491, PI3K and its downstream effector 

PKB/Akt, are activated upon CCR7 triggering488, but their contribution to CCR7-driven 

intranodal T cell migration remains to be incompletely understood and somehow 

controversial158, 210. On the one hand, for example, it has been shown that pharmacological 

blockade with wortmannin and genetic deletion of p110γ resulted in slower motility with no 

other effects on CCR7-driven migration492. On the other hand, T cells lacking the PI3Kγ 

isoform, displayed reduced directionality but no effects on migratory speed162. A third study 

reported that in lymph node slides, PI3K signaling was dispensable for CCR7-driven 

migration, as shown by wortmannin treatment158.  Thus, we think that individual assay 

conditions or the use of different T cell subpopulations (bulk vs CD4 vs CD8) can influence 

the contribution of PI3K isoforms to T lymphocyte migratory response. Though, it is worth 

mentioning that PI3K inhibitors have little effect on CCR7-driven T cell migration in assays 

which better reflect physiological conditions, such as arrest and adhesion to HEVs or TEM in 

flow chambers493.  

However, recent molecular insights on the function and localization of PTEN, the 

phosphatase that antagonizes the PI3K mediated signaling, shed new light on the herein 

presented concept of CCR7 signaling from endomembranes (chapter 7). Surprisingly, PTEN 

was found to be mainly localized and functional at endomembranes along the microtubular 
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network480. The concept that emerges here proposes that: (1) PI3K is activated at the PM, 

generates PIP3 required for recruitment and assembly of spatially confined multi protein 

signaling complexes including PKB/Akt and Rac GEFs like DOCK2 to generate actin assembly 

in a polarized manner; (2) through endocytosis, the signal generated at the PM is limited and 

extinguished at endosomes through PTEN localization and activity and (3) specific 

endomembrane complex can form (Figure 2B). In contrast, to the herein described specific 

endomembrane complex, PI3K signaling would be spatially restricted to PM and elicit 

specific signaling cascades, which are, through endomembrane PTEN activation, strictly 

excluded from intracellular signaling. All together this would contribute to the asymmetrical 

distribution of signaling molecules necessary for cell polarization and directional steering. 

Emerging views on CCR7 and β-arrestin interaction 

Desensitization of CCR7, which begins within seconds of CCR7 ligand occupancy, is 

initiated by the serine/threonine phosphorylation of the receptor. Second-messenger-

dependent protein kinases, including protein kinase C (PKC), phosphorylate CCR7 on 

serine/threonine residues within cytoplasmic loops and the C-terminal tail. Surprisingly, a 

basal PKC-dependent phosphorylation of CCR7 on serines 356, 357, 364, and 365 have been 

reported77. This could also explain the fact that CCR7 inherits the propensity to undergo 

constitutive receptor internalization (chapter 7). Further, upon CCR7 stimulation with CCL19, 

PKC phosphorylates the C-terminal tail of CCR7 on serine 373 and 37877. In general, 

phosphorylation of serine/threonine residues in cytoplasmic loops and the C-terminal tail is 

sufficient to impair receptor – G-protein coupling, even in the absence of arrestins. 

Chemokine occupancy is not required for this process, which is also referred to heterologous 

desensitization. On the other hand, ligand occupied CCR7 is known to activate G-protein-

coupled receptor kinases (GRKs). It has been shown that CCL19 stimulation results in the 

recruitment of both GRK3 and GRK6, while CCL21 triggering only recruits GRK676. Therefore, 

CCL19 stimulation results in a more robust serine/threonine phosphorylation and a stronger 

recruitment of β-arrestin (5 fold over CCL21)76, 314, 369. The diversity of arrestin functions and 

the observation that ligands like CCL19 can induce more β-arrestin recruitment, compared to 

CCL21, emerged the so-called phosphorylation barcode theory494. In this concept, ligands 

stabilize ligand-specific GPCR conformations, thereby inducing the specific recruitment of 

GRKs, introducing a distinct phosphorylation pattern or `barcode` in the GPCR C-terminus. 
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Subsequent, the `barcode´ promotes arrestin binding and stabilizes a certain arrestin 

conformation495 that determines whether the receptor is desensitized (but still promotes 

arrestin specific signaling) or desensitized and internalized494. Importantly, phosphorylated 

serine/threonine clusters in GPCR C-termini are shown to be essential for formation of stable 

GPCR-arrestin complexes that survive internalization and be sustained after endocytosis496. 

Although, there is still no crystal structure of arrestin bound to receptors available, the group 

around Jörg Standfuss were able to provide a functional dimension of arrestin-receptor 

interaction that can guide the molecular understanding of this association481. By including 

their structural arrestin-receptor model in our oligomeric CCR7 model, we were able to 

advance our conception of CCR7 signaling (Figure 2C/D). What can be learned from those 

structural models? (1) It can be noticed that β-arrestin with its finger loop binds to same 

binding site as the Gα subunit of the heterotrimeric G-protein, provided through the 

outward movement of TM6; (2) in consequence of steric hindrance, similar to our 

observations for heterotrimeric G-proteins, in an oligomeric receptor arrangement, only one 

β-arrestin molecule can couple to a dimeric receptor (or 2 β-arrestin molecules on 4 

receptors) and (3) in an oligomeric receptor array that interacts with Src, the β-arrestin – Src 

interaction motif is directed towards Src, explaining the fast and robust β-arrestin-Src 

interaction, we observed before (chapter 7) and which has been shown by others217. Thus, 

we conclude that in an oligomeric receptor array, Src is pre-coupled to CCR7 on the PM and 

through ligand stimulation, all receptors of the oligomeric arrangement are occupied by 

ligands, resulting in an increased conformational heterogeneity of CCR7 (inactive, 

intermediate, active conformation) (Figure 2A). Receptors that are pre-coupled with Src 

activate Src, whereas receptors not associated with Src couple to G-proteins, thereby 

stabilizing the full active receptor conformation. Further, Src and the heterotrimeric G-

protein are interacting and stabilizing each other (chapter 2). Subsequently, CCR7 is 

phosphorylated on both, tyrosine residues through Src (on the receptor that interacted with 

Src) and serine/threonine residues through PKC and GRK3/GRK6 (on the receptor that 

coupled to G-protein). Serine/threonine phosphorylation abrogates G-protein coupling and 

results in β-arrestin recruitment. β-arrestin association in turn mediates receptor 

desensitization and/or internalization. Further, β-arrestin interacts with Src, stabilizing β-

arrestin-Src and/or CCR7 complex. PM signaling is therefore extinguished and 
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endomembrane-driven β-arrestin-Src signaling is starting. Of note, by analyzing β-arrestin-

Src interaction (chapter 7) we observed that β-arrestin-Src complex is not only established 

through CCR7 triggering, but also through convective flows and temperature change (Data 

not shown), pointing to a more fundamental cellular mechanism. However, robust CCR7 

serine/threonine phosphorylation through PKC, GRK3 and GRK6, may lead to a sustained 

CCR7- β-arrestin interaction, outlasting clathrin coating and the internalization process and a 

sustain interaction and activation of CCR7- β-arrestin/Src on endosomes. Subsequently, the 

complex is translocated by the cell trafficking machinery to induce an endomembrane 

specific second signaling wave (chapter 7).  

CCR7 and its tyrosine phosphorylation dilemma 

The herein presented concept of parallel G-protein signaling through Src kinases involves 

the phosphorylation of CCR7 tyrosine 155 of the highly conserved DRY motif (chapter 2). 

Unfortunately, for structural biologists, the DRY motif of GPCRs remains still to be a 

sanctuary. Although some concerns about the herein presented concept need to be 

considered for discussion and future perspectives, others appear to have no basis. One of 

the main arguments against tyrosine phosphorylation of Y155 in the DRY motif concerned 

the accessibility of the hydroxy group of the DRY motif tyrosine. However, careful analysis of 

structural information on prominent GPCR structures including β2-adrenergic receptor 

(Figure 3A), rhodopsin (Figure 3B), CXCR4 (Figure 3C), and CCR5 (Figure 3D) revealed that in 

every structure the tyrosine residue of the DRY motif is potentially accessible for 

phosphorylation. Nonetheless, a substantial body of direct evidences, proofing that CCR7 is 

really phosphorylated on this residue e.g. through mass spectrometry analysis, could not be 

provided in our studies. However, we showed that mutation of Y155 to phenylalanine led to 

a reduction, though not complete abrogation, of the CCR7 – pY signal in PLA (chapter 2), 

pointing either to an indirect effect or tyrosine phosphorylation of another residue. Further, 

accumulating evidences, provided in chapter 2, are indirect and could also be interpreted by 

an indirect effect of mutating a residue in the DRY motif. However, G-protein activation and 

Ca2+ mobilization are not changed (chapter 2). Although the Y155F mutation inhibited 

initiation of CCR7 endomembrane signaling complex (chapter 7), again direct evidences for 

CCR7 phosphorylation are yet missing. Indications that the conserved tyrosine residue of 

DRY motifs are really phosphorylated, are coming from early studies on β2-adrenergic 
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receptor, showing, also by indirect approaches, that insulin triggering results in the tyrosine 

phosphorylation of  Y141 of the DRY motif of β2-adrenergic receptor, resulting in an 

increased receptor responsiveness497.  

Figure 3. Chemokine receptors and their potential DRY motif phosphorylation 

(A/B/C/D) Analysis of tyrosine accessibility and localization of the DRY motif of β2-adrenergic 
receptor (PDB 4GPO), rhodopsin (PDB 2J4Y), CXCR4 (PDB 3ODU) and CCR5 (PDB 4MBS).  Shown are 
cartoon and surface receptor representation with DRY motif residues highlighted in either green (DR) 
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or red (Y). (E) Amino acid alignment of TM3/DRY motif of chemokine receptors. SH2 domains 
predicted through ELM (eukaryotic linear motifs http://elm.eu.org/) are highlighted in red (SHP2 
binding site), yellow (STAT5 binding site) and green (GRB2 binding site). Additional SH2 domains in 
cytoplasmic loop or carboxy terminal tail are also depicted and separated by three dots. 

 

Further, we demonstrated that the C-terminal SH2 domain of SHP2 (known to recognize 

pY residues) is interacting with CCR7, in in-vitro conditions through co-transfection of v-Src, 

pointing to a direct interaction. Further, in cellulo, mutation of Y155 to phenylalanine 

inhibits CCR7 – SHP2 association (chapter 2).  

Converging studies on SH2 domains resulted in the identification of specific binding motif 

for a couple of SH2 domains, e.g pY[IV]X[VILP] described for SHP2498-500. Global analysis of 

SH2 domain binding motif (by ELM, eukaryotic linear motifs) in chemokine receptors 

revealed that the DRY motif tyrosine, and its preceding amino acids, provides throughout all 

chemokine receptors a prominent SH2 domain binding motif (Figure 3E). Through the high 

conservation of the DRY motif and the adjacent amino acids, only two SH2 domain binding 

motifs could be predicted: the binding motifs for SHP2 and the binding motifs for STAT5 

(Figure 3E). Of note, in several chemokine receptors more than one SH2 domain binding 

motifs could be found. Further, CXCR6 is the only chemokine receptor that appears to miss 

SH2 domain interaction motifs in ECL2 and following cytoplasmic sites (Figure 3E). 

Importantly, although G-protein coupling is defective, the decoy receptors CXCR7, CCRL1 

and CCRL2, still possess putative SH2 domain interaction motifs. Thus, due to the limited 

amount of enriched and/or purified CCR7 we were not able to provide direct evidence of 

CCR7 tyrosine phosphorylation, but through indirect evidence we propose that tyrosine 

phosphorylation is a necessary mechanism for chemokine receptors and their functions.      

CCR7 – a study in ubiquitin 

Chemokine receptors undergo not only constitutive but also agonist-induced 

internalization via receptor phosphorylation, β-arrestin binding, and establishment of 

clathrin coated pits. Despite β-arrestin mediated internalization, a direct involvement of AP2 

may also be required for a subset of chemokine receptors. AP2 is a core component of 

clathrin coated pits that comprises of the β2, α, σ and μ2 subunit501. The β2 subunit interacts 

directly with β-arrestin, whereas the μ2 subunit is able to directly associate with dileucine 

motifs (D/E XXX L/I) on transmembrane receptors501. Two putative dileucin motifs are 

http://elm.eu.org/
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present in the C-terminus of CXCR2 (Figure 4). Mutation of either the Ile/Leu or the Leu/Leu 

pairs to alanine attenuates receptor internalization502. Moreover, CXCR4 sequence also 

reveals a putative dileucine motif sequence (Figure 4), that when mutated, attenuates 

agonist-induced internalization503, however not in all cell lines504. Therefore, it can be 

suggested that dileucine motifs are present in several receptors, but a rather complex 

interplay between receptor, β-arrestin and AP2 is required for receptor internalization and 

mechanistic insights are still lacking. The same holds true for CCR7, while two putative 

dileucine motifs are present in the C-terminus (Figure 4), the deletion of the whole C-

terminus does not prevent agonist induced receptor internalization314. However, CCR7 

internalization appears to be highly β-arrestin-dependent.  

Figure 4. Chemokine receptor ubiquitylation 

Amino acid alignment of the carboxy-terminal tail of chemokine receptors. Lysine residues that 
have been shown to be ubiquitylated are highlighted in blue378, 383, 505. The serine residues highlighted 
in red have been shown to be important for the recruitment of the E3 ligase AIP4378. The dileucine 
motif-like sequences are colored in yellow and have been implicated in agonist induced receptor 
internalization. Illustrations are adopted from 445.   

Despite β-arrestin mediated endocytosis, accumulating studies revealed that 

ubiquitylation of chemokine receptors is important for their intracellular trafficking. For 

instance, the prototypic chemokine receptor CXCR4 is agonist-dependently modified by 

ubiquitin in its C-terminus378 (Figure 4). CXCR4 ubiquitylation is preceded by CXCL12 

triggered PKC and GRK6 mediated phosphorylation on Ser 342/325, resulting in the 

recruitment of the E3 ubiquitin ligase AIP4378, 506, 507. In contrast, ubiquitylation of β2-

adrenergic receptor is also mediated via phosphorylation, but it requires β-arrestin serving 

as an adaptor to link NEDD4 to the receptor508. Herein we show that CCR7 ubiquitylation 

occurs under basal, agonist-independent conditions, probably through basal 

serine/threonine phosphorylation on serines 356, 357, 364, and 365 (chapter 6). CCR7 

ubiquitylation positively affects constitutive receptor trafficking and functions as signal for 
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anterograde trafficking of internalized receptors upon chemokine stimulation (chapter 6). 

Further, we demonstrate that receptor recycling to the PM is controlled by ubiquitylation 

(chapter 6). This led us to the suggestion that CCR7 ubiquitylation is important for the 

assembly of endomembrane multi-protein signaling complexes to regulate also receptor 

recycling (chapter 7). As CCR7 ubiquitylation is not changed upon ligand stimulation we 

concluded that the identification of the E3 ubiquitin ligase and the deubiquitylation enzyme, 

responsible for regulating CCR7 ubiquitylation, will lead to the most important mechanistic 

insights into this process.  

As we found no obvious interaction motif for either an E3 ubiquitin ligase or a 

deubiquitylation enzyme in CCR7 and because of the major occupancy of CCR7 through Src, 

heterotrimeric G-protein and β-arrestin, we deduced that one of these proteins might 

recruit the ubiquitylation machinery. In line with this hypothesis, the siRNA knockdown of 

major E3 ligases like AIP4, NEDD4-L, NEDD4 and Cbl-b did not abrogate CCR7 ubiquitylation 

(chapter 7). However, it was shown that β-arrestin is able to recruit the E3 ubiquitin enzyme 

NEDD4 in a phosphorylation-dependent manner to GPCRs, resulting in receptor 

ubiquitylation508. Further, by analyzing β-arrestin sequence and structure we found a 

conserved USP7 (Hausp) interaction motif in β-arrestin (aa 186-190 PQPSA). Therefore, we 

modeled the interaction of the N-terminal TRAF(-like) domain of USP7 and β-arrestin in an 

oligomeric receptor array and found no steric exclusion of the β-arrestin – TRAF(-like) 

domain interaction (Figure 2C). Therefore, we hypothesized that CCR7 ubiquitylation is 

regulated by β-arrestin recruitment of E3 ligases and USP7, indicating that β-arrestin 

controls CCR7 trafficking in a more complex way than anticipated. However, experimental 

proof of this hypothesis is still remaining. 

Chemokine receptor-mediated Src activation: when worlds collide 

Src is the prototypic member of a family of non-receptor tyrosine kinases that control a 

variety of processes including cell proliferation, cytoskeletal rearrangement and vesicle 

trafficking of cell surface receptors. Src family kinase organization includes a myristoylated 

N-terminal segment, followed by SH3-SH2 domains, a tyrosine kinase domain, and a short C-

terminal tail. In their inactive state the SH2 domain interacts with a phosphorylated tyrosine 

residue in the C-terminal tail, thereby preventing the association of the Src kinase domain 

with substrates. This auto-inhibition is released by interaction of the SH3-SH2 domain 
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interaction module with substrates, generating active Src kinases, which can be further 

tyrosine phosphorylated in the activation loop to elevate kinase activity (Figure 5A).   

In general, Src family kinases are activated by `touch` following the triggering of several 

growth factor receptor tyrosine kinases, through the assembly of multi-protein complexes, 

preceding receptor auto-phosphorylation509. Moreover, the interaction of Src family kinases, 

such as focal adhesion kinase (FAK) and Pyk2 targets them to focal adhesions, where they 

initiate signaling complexes resulting in cytoskeletal rearrangements and integrin 

activation510. As intracellular proteins with no direct ability to sense changes in extracellular 

milieu, the activation and also function of those kinases is coupled to the recruitment to cell 

surface receptors. Targeting of Src family kinases to receptors is accomplished via 

association of their interaction module (consisting of SH2 domain, SH3 domain and 

importantly the inter-domain linker region) resulting in the initiation of multi-protein 

complexes, in which the activated receptor provides a scaffold.  

Figure 5. Chemokine receptors and tyrosine kinases 
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(A) Illustration of three-dimensional structure of auto-inhibited Src family tyrosine kinases (PD 
2SRC). Through auto-inhibition, the SH3 domain (shown in blue) makes intramolecular interactions 
with the linker and the N-terminal lobe of the kinase (shown in cyan). The SH2 domain, colored in 
green binds the inhibitory phosphorylated tyrosine Y527 through R175. In this inactive conformation, 
the activation loop folds into a short helix with unphosphorylated Y416 oriented towards the active 
site cleft. (B) Proposed model of extensive CCR7 – TCR crosstalk. In naïve T cells, CCR7 triggering 
results in the activation of Fyn (probably through SH2 domain interaction), that causes Lck 
phosphorylation on its inhibitory tyrosine residue. TCR engagement recruits Fyn to the 
immunological synapse and Lck is therefore involved in CCR7 mediated signaling pathway, resulting 
in enhanced LAT phosphorylation and elevating CCR7-driven chemotaxis. (C) Migration of human 
naïve vs effector T cells, pre-treated with increasing concentration of pertussis toxin (PTx), towards 
CCL21. Depicted are the values of six independent donors. (D) Illustration of the TYK2 FERM-SH2 
domain and the CXCR4 dimer (PDB 3ODU). The FERM domain is shown in blue, the atypical SH2 
domain is depicted in red.   

 

However, classical pathways initiated by GPCRs involved: (1) G-protein coupling and 

activation, (2) both, second messenger-dependent kinase signaling, as PKC, and GRK 

signaling, resulting in receptor serine/threonine phosphorylation and (3) subsequent β-

arrestin recruitment, receptor clustering in clathrin-coated pits and endocytosis. Of surprise 

came the fact that the oncogenic potential of GPCRs arose from their ability to stimulate 

Ras-dependent activation of MAP kinases that was dependent on activation of Src family 

kinases511. Early experiments demonstrated that Src, Fyn or Yes could be activated by GPCRs 

including LPA receptor, α2A adrenergic receptor and M1 muscarinic receptor512. 

Subsequently, reports of Src activation of several chemokine receptor followed, e.g CXCR4, 

CCR5, CCR2 and CXCR1487, 513-515. However, from early on there was evidence for high 

heterogeneity in the molecular activation mechanism of Src controlled by GPCRs. For some 

receptors direct interactions of Src SH3 domains with intracellular parts of GPCRs were 

reported516, 517, while others suggested that a direct interaction between Src and the Gα 

subunit regulate Src activity512. Moreover, there is also evidence that Src family kinases can 

return the favor and increase basal and ligand induced GTP binding and hydrolysis activity of 

Gα subunits through tyrosine phosphorylation518-520. Further, it is now widely accepted that 

arrestins not only mediate homologous receptor desensitization, but also serve as adaptor 

molecules, recruiting signaling molecules to the ligand bound receptor, e.g. Src family 

kinases, ERK1/2 and JNK MAP kinases521.  

Nonetheless, other models propose an extensive crosstalk between receptor tyrosine 

kinases and GPCRs rather than a direct interaction. These models involve a trans-activation 
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of receptor tyrosine kinases in a hetero-oligomeric receptor array, thereby hijacking receptor 

tyrosine signaling pathways, still resulting in the activation of Src family kinase members but 

not as direct GPCR effectors522-524. Further, like hijacking receptor tyrosine kinases, it is 

suggested that focal adhesions serve as platforms through which GPCRs generate Src-

dependent signals. Less clear in the trans-activation models is, whether Src family kinases 

also play an upstream role in GPCR trans-activation, through enhancing Gα activity or GPCR 

phosphorylation and trafficking.  

Taken together, it is clear, GPCRs in general, and more specifically chemokine receptors, 

can activate Src family kinases482, 509-511 522-524, however it appears almost impossible to 

dissect the underlying molecular mechanism to determine whether a direct mechanism or 

indirect mechanism results in the activation of this signaling pathway.  

Herein, we show that CCR7 signaling can contribute to both concepts: (1) direct 

interaction with CCR7 stabilized through G-protein and β-arrestin association (chapter 2, 

chapter 7) and (2) extensive crosstalk between CCR7 and the TCR (chapter 3). Although, we 

suggest a direct interaction between Src through its SH2-SH3 doman interaction module in 

an oligomeric receptor array (chapter 2), we are not providing direct evidences that no other 

adaptor protein or receptor tyrosine kinase is involved. As we also observed hetreo-

oligomeric multiprotein complexes (chapter 5) it could also be that our observed Src 

activation results more from indirect trans-activation of other GPCRs or receptor tyrosine 

kinases. Nonetheless, we provide clear evidences that not only the heterotrimeric G-proteins 

(chapter 2) interact with Src but also β-arrestin (chapter 7), thereby fulfilling distinct features 

in CCR7 signaling. 

However, in chapter 3, we are describing an extensive crosstalk of TCR and CCR7 

signaling, that involves Src family kinase activation, implicated in regulating CCR7-driven T 

cell migration and scanning process. The herein proposed model of CCR7-TCR crosstalk 

involves the CCR7-driven activation of Fyn in naïve T cells. Active Fyn provides a negative 

feedback loop, by phosphorylating Lck (another Src family member) on the (auto-) inhibitory 

tyrosine residue in the C-terminal tail, thereby setting a higher threshold for TCR activation. 

Vice versa, TCR engagement recruits Fyn to CD4/CD8 molecules into the immunological 

synapse. Subsequently, CCR7 is able to signal via Lck, resulting in an increase in 

phosphorylation of the adaptor molecule LAT and elevation of CCR7-driven migration (Figure 
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5B). Importantly, inhibition of Fyn boosted CCR7-driven migration (chapter3), whereas 

pharmacological pan Src family kinase inhibition decreased T cell migration towards CCR7 

ligands (chapter 2, chapter 3). Thus, we herein show a high interconnectivity between Src 

family kinase signaling, also triggered via TCR engagement, and CCR7 signaling. To further 

advance the herein presented concepts, we also found a direct interaction between CD3ζ 

chain and CCR7 in our performed screening approaches (Data not shown). Further, we 

showed under in vitro conditions, when CCR7 and v-Src are co-expressed, the SH2 domain of 

Fyn but not of Lck is able to interact with tyrosine phosphorylated CCR7 (chapter 2). Even 

more pronounced is the direct association of the Zap70 interaction motif with CCR7 (chapter 

2), corroborating the notion of an extensive CCR7-TCR crosstalk. Although herein not further 

addressed, the molecular function of this high interconnectivity is still under investigation. 

Worth mentioning is that similar mechanism are also shown for the prototypic chemokine 

receptor CXCR4. For CXCR4 a large, complex signaling network overlapping with TCR 

signaling and even physical interaction of CXCR4 and the TCR are reported (reviewed in 487).  

From these convergent conclusions the pertinent question arises: what is the advantage 

of eliciting two orthogonal signaling pathways, the G-protein pathway and Src family kinase 

pathway, which somehow join into, and interconnect with each other? First ideas came from 

the conclusion that G-protein signaling and tyrosine kinase signaling are separated 

evolutionary on a long term scale. Therefore, we reasoned that orthogonal signaling 

pathways are a result of strong selective pressure when early beings faced a new pathogen 

that was able to block G protein signaling, and therefore represented a serious threat to 

their survival. Examples of toxins that harbor the threat of a complete blockade of the 

immune system through G-protein inhibition are: (1) the bacterial toxin pertussis toxin from 

Bordetella pertussis, (2) the Gs agonist choleratoxin from Vibrio cholerea and (3) the 

adenylate cyclase oedema toxin from Bacillis anthracis. As G-protein activation is still the 

master regulator of GPCR (CCR7) signaling, we propose that triggering of a G-protein parallel 

Src kinase signaling pathway, results a reduced sensitivity to exposure to G-protein inhibiting 

bacterial toxins. In fact we found that CD3/CD28 activated T cells, which are precious for the 

immune system because they already achieved the astonishing task of finding their rare 

cognate antigen, upregulate CCR7 oligomerization, are therefore are able to signal also 
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though Src kinases and ultimately are less sensitive to G-protein inhibition through PTx 

(Figure 5C).    

CCR7 and its relationship to the two faced Janus kinases 

Originally involved in cytokine receptor signaling525, in the last years Janus family kinases 

(JAKs) have also been implicated in the initiation of chemokine signal transduction pathways. 

Several reports implicate JAK proteins in signaling pathways elicited by chemokine 

receptors72, 82, 83, 526-528. Importantly, it has been shown that ligand induced chemokine 

receptor dimerization results in JAK recruitment to the receptor, JAK auto-phosphorylation, 

receptor phosphorylation and subsequent STAT transcription factor activation70, 71, 529. 

Although, chemokine receptor triggered JAK activation is implicated in controlling 

lymphocyte homing and CCR7-driven DC migration, using multiple approaches ranging from 

chemical inhibitors, mutant cell lines, siRNA transfected primary cells and JAK3-deficient 

mice72, 82, 526, 527, their contribution to chemokine receptor signaling remain to be 

incompletely understood and somehow controversial: on the one hand, adoptively 

transferred lymphocytes treated with the pharmacological JAK inhibitor AG49072 or siRNA 

against JAKs528 fail to adhere to HEVs and therefore display a homing deficit, whereas on the 

other hand overexpression of JAK2 (wt or catalytically inactive) showed that CXCR4 signaling 

is JAK2-independent530. There are two major problems that complicate the interpretation of 

the accumulating evidences that JAK proteins are involved in chemokine receptor signaling: 

(1) Similar to the discussion on Src family kinases, an indirect trans-activation mechanism of 

cytokine receptors cannot be excluded and therefore reported observations might be 

indirect effects of redundant cytokine receptor signaling and (2) direct mechanistic insights 

of how JAK proteins bind to, and are activated through, chemokine receptors and how they 

contribute to chemokine receptor signaling are still lacking.  

The unique structures of JAK kinases clearly distinguishes them form other members of 

the large protein tyrosine kinase family531. The most intriguing feature of these proteins is 

the presence of two kinase domains, of which one is referred to as a pseudo-kinase domain, 

leaving only 10% of kinase activity left (compared to the other kinase domain)531. Initially, it 

was also thought that JAKs lack interaction motifs because no classical SH2 or SH3 domain 

could be found531. Recent studies, however, provide evidence that JAKs interact with 

receptors through a unique FERM-SH2 domain composition532. They associate with the 
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cytoplasmic tails of cytokine receptors, and ligand-induced reorientation of receptor-JAK 

dimers places JAK in adequate proximity for trans-phosphorylation of the activation loop of 

the partner JAK. Therefore, it is very appealing that JAK phosphorylation was reported to be 

initiated via chemokine receptor dimerization. However, phosphorylation of residues on 

cytokine receptors by activated JAKs results in the generation of docking sites of SH2 domain 

containing proteins, including the STAT family of transcription factors531. Subsequently, 

STATs are phosphorylated by JAKs and dissociate from the receptors to form homo- and 

hetero-dimers with other STAT proteins531. Together they translocate into the nucleus to 

initiate cytokine-dependent gene transcription.  

A molecular understanding of JAK – receptor interaction (not only cytokine, but also 

chemokine receptor) is key to elucidate the mechanism of JAK activation and will help to 

advance our understanding of the involvement of JAKs in chemokine receptor signaling. The 

recently published crystal structure of the TYK2 interaction motif (FERM- and atypical SH2 

domain) provided molecular insights into JAK receptor interaction532: (1) The FERM domain 

folds, as has been described for other FERM domains, into a `clover` shape, with three lobes 

linked to the leaves of the clover, whereas (2) the SH2 domain that lacks phospho-tyrosine 

binding function,  representing the forth leave; (3) instead of pY residue the JAK SH2 domain 

recognizes glutamate and the adjacent six amino acids, similar to normal SH2 domain – 

phospho peptide recognition and (4) this interaction is further stabilized through a dileucine 

motif interacting with the FERM domain532. However, the lack of pY binding function, which 

is compensated by binding to glutamate, suggests an evolution of receptor – kinase 

interaction from conditional to constitutive and explains how JAKs are fulfilling their 

function. To advance this mode of action to chemokine receptor binding, we searched for 

accessible glutamate residue fulfilling structural prerequisites given through the structure of 

the FERM-SH2 domain. Unfortunately, neither in CCR7 nor in CXCR4, glutamate residues 

fulfilling the requirements could be found. Given the size of the FERM-SH2 domain of JAK 

(Figure 5D), we suggest that more than one chemokine receptor is contacted through the 

JAK interaction motif. Another hypothesis to follow is the recruitment of JAK to Src or SHP2 

that are already known interaction partners. Nonetheless, this will need further 

investigations. 
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Worth mentioning here is, that both CCL19 and CCL21 were attributed with classical 

cytokine receptor functions: while CCL21 serves as a co-stimulatory molecule during T cell 

activation, resulting in increased T cell proliferation and IL 2 production533; CCL19 has been 

reported to have a non-redundant function in regulating T cell homeostasis by providing 

survival signals, similar to IL-7123. Both findings can hardly be explained by classical G-protein 

signaling, suggesting a more extensive role of the JAK-STAT axis in CCR7 triggered signaling.  
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