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Zusammenfassung
Die Rezirkulation und die gerichtete Einwanderung von Immunzellen in sekundäre
lymphatische Organe sind Grundvoraussetzungen für die Entwicklung einer effizienten
adaptiven Immunantwort und die Aufrechterhaltung der Immunhomöostase. Dabei spielen
der Chemokinrezeptor CCR7 und seine beiden Liganden, CCL19 und CCL21 eine zentrale
Rolle, indem sie die Wanderung von Immunzellen hin zu sekundären lymphatischen
Organen massgeblich steuern. Die Stimulation von CCR7 aktiviert ein komplexes
intrazelluläres Netzwerk von Signaltransduktionswegen, wodurch verschiedene zelluläre
Antworten, insbesondere Zellmigration, ausgelöst werden. Im Rahmen dieser Doktorarbeit
wurde die Struktur und die Funktion von CCR7 eingehend untersucht. Dabei lag ein
spezielles Augenmerk auf der Rezeptor-vermittelten Signaltransduktion und der Ligandeninduzierten Rezeptor-Endozytose/ Recycling, auch als Rezeptor trafficking bekannt.
Mittels proteinbiochemischer Analysen konnte gezeigt werden, dass CCR7 konstitutiv
ubiquitinyliert vorliegt. Weitere Untersuchungen ergaben, dass diese Rezeptormodifikation
den kontinuierlichen turn-over des Chemokinrezeptors steuert. Zudem wurde eine bislang
unbekannte Funktion der Rezeptorubiquitinylierung entdeckt, welche die Re-Expression von
CCR7 nach vorausgehender Liganden-vermittelten Internalisierung reguliert.
Mit Hilfe von Rezeptormutanten wurden die Zusammenhänge zwischen Rezeptorstruktur
und Funktion untersucht. Dabei konnten drei unterschiedliche intrazelluläre Motive definiert
werden, die eine wichtige Rolle bei der Liganden-induzierten G-Protein Aktivierung spielen.
Weitere Untersuchungen ergaben, dass Liganden-vermitteltes Rezeptor trafficking einen GProtein unabhängigen Prozess darstellt, der bemerkenswerterweise nicht vom C-Terminus
des Rezeptors abhängt.
Um neue CCR7-induzierte Signaltransduktionswege zu identifizieren, wurde die Ligandeninduzierte Tyrosinphosphorylierung von CCR7 untersucht. Dabei konnte gezeigt werden,
dass CCR7 nach der Bindung des Liganden stark an Tyrosinresten phosphoryliert wurde,
was die Rekrutierung und Aktivierung der Tyrosinphosphatase SHP2 zur Folge hatte.
Funktionelle Analysen liessen eine wichtige Rolle für SHP2 in der Regulation der CCR7vermittelten Signalübertragung erkennen, welche einen Einfluss auf die Rezeptor-vermittelte
Zell-Migration und Proliferation zeigten.
Da Zellen in der Regel einer Vielzahl von unterschiedlichen externen Stimuli ausgesetzt sind,
ist es nicht unüblich, dass mehrere Oberflächenrezeptoren parallel aktiviert werden. Dabei
können Signaltransduktionswege unterschiedlicher Rezeptoren einander beeinflussen und
somit die rezeptorspezifische zelluläre Antwort modifizieren. Im Rahmen dieser Arbeit wurde
der Einfluss der T-Zell-Rezeptor Aktivierung auf die CCR7-vermittelte Migration von primären
humanen T-Zellen untersucht. Dabei konnte gezeigt werden, dass die Aktivierung des T-Zell-
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Rezeptors eine verbesserte CCR7-induzierte Migration zur Folge hatte, welche durch die
unterschiedliche Aktivität der Src-Kinasen Lck und Fyn hervorgerufen wurde.
Diese Arbeit liefert neue Erkenntnisse über den Chemokinrezeptor CCR7, welche helfen die
Funktion und Regulation dieses wichtigen immunregulatorischen Rezeptors besser zu
verstehen.
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Summary
Orchestrated migration of immune cells towards secondary lymphoid organs is a prerequisite
for the development of an efficient antigen-specific immune response and the maintenance
of homeostatic immune surveillance. In this regard, the chemokine receptor CCR7 and its
two known ligands CCL19 and CCL21 represent central regulators, as they essentially
govern the homing of immune cells. Ligand-stimulation of CCR7 elicits a complex
intracellular signalling cascade initiated by G-protein activation, which results in a variety of
different cellular functions, whereof cell polarization and migration are most prominent. In the
course of this PhD thesis, the structure and function of the chemokine receptor CCR7 was
analyzed in special respect of receptor signalling and trafficking.
Thereby, studies focusing on ligand-mediated receptor trafficking determined that CCR7 is
constitutively ubiquitylated on intracellular lysine residues. This receptor modification turned
out to be important for correct recycling of internalized CCR7 and regulates basal receptor
trafficking in the absence of chemokine. Thus, a novel function for receptor ubiquitylation in
the regulation of chemokine receptor recycling has been identified.
By dint of several receptor mutants, the structure-function relationship of CCR7 was
investigated in detail. Thereby, three distinct intracellular regions of CCR7 were determined,
playing a crucial role for G-protein activation. In this regard, it became apparent that Gprotein induced signalling does not contribute to receptor trafficking. Furthermore, truncation
mutants of CCR7 revealed that the C-terminus of the receptor is dispensable for ligand
induced receptor internalization.
In an attempt to identify novel ligand-induced signalling pathways, tyrosine phosphorylation
of CCR7 was assessed. Thereby, a strong tyrosine phosphorylation of CCR7 after ligand
stimulation was discovered. Moreover, it was observed that tyrosine phosphorylation of
CCR7 leads to binding and activation of the SH-2 domain containing tyrosine phosphatase
SHP2. Functional studies revealed that SHP2 regulates several chemokine-mediated
functions, including cell proliferation, ERK-1/2 activation and chemokine induced migration.
Signal transduction of a certain receptor is predominantly influenced by orthogonal signalling
pathways arising from different extracellular signalling molecules and target receptors. In this
study clear evidence is provided that a crosstalk between T cell receptor and CCR7
signalling exists, which sets the threshold on CCR7-mediated migratory responses. Altered
CCR7-driven T cell migration is accomplished by the differential action of the Src-family
kinases Lck and Fyn in non-activated versus activated T cells.
This thesis identifies several new aspects of CCR7, concerning cell signalling and receptor
trafficking, providing novel parameters, which help to explain the complex nature of this
important regulator of the immune system.
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Chapter 1
Introduction
Immune cell trafficking and lymph node homing
The immune system is a network of specialized cells, tissues and organs that work together
to cope with a huge variety of pathogens at virtually all parts of the body for defending it
against these foreign “intruders”. Since the number of lymphocytes specific for a certain
antigen is limited, migration of immune cells is indispensable to allow “networking” between
single parts of the immune system and thereby gain an efficient immune response. The
networking of special components of the immune system takes place at distinct sites, the
secondary lymphoid organs (SLO) and especially the lymph nodes (LN). Therefore,
lymphocytes and other immune cells constitutively recirculate through the body via the
bloodstream and entering en route into different SLO (4). Lymph nodes are strategically
positioned collecting stations for several antigens presented by antigen presenting cells
(APCs), most notably dendritic cells (DCs) (5). Within this “antigen-library” naïve lymphocytes
scan for their cognate antigen and initiate an immune response in case they encounter their
appropriate antigen. Naïve lymphocytes enter the lymph nodes via the high endothelial
venules (HEVs) that are specialized areas of high endothelial cells found in lymphoid organs,
which express a variety of cell-adhesion molecules and are the main site of lymphocyte entry
from the blood (6). In the murine system
it was shown that approximately 2% of
the recirculating pool of T cells reaches
an inguinal LN per day (7). During
inflammation,

leukocytes

accumulate

within the draining lymph node which
augments

the

chance

for

antigen

encounter by a specific T cell. The
migration of intravascular lymphocytes,
which

finally

results

in

leukocyte

extravasation into the draining lymph
node

can

be

divided

in

multiple

sequential steps (5), as depicted in
Figure 1.
Figure 1. Multi-step homing cascade that directs naive
T cells to lymph nodes
Graphic is adopted from reference (2)

Briefly, in an initial step cells loosely bind
to endothelial cells and start to roll along
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the vessels. This primary event is basically mediated by the adhesion molecule L-selectin
(CD62L) expressed on these leukocytes. In the following steps rolling leukocytes firmly arrest
in the LN HEVs. Firm adhesion is caused by the interaction of the integrin leukocyte functionassociated antigen 1 (LFA1) on the leukocytes with intercellular adhesion molecule 1 and 2
(ICAM1, ICAM2), which are expressed by HEVs (8, 9). The prerequisite for high affinity
binding of LFA1 and ICAM1 or 2 is the activation of LFA1 mediated by the chemokine
CCL21, which is constitutively expressed by HEV cells and binds to the “homing chemokine
receptor” CCR7. In a final step, leukocytes transmigrate across HEVs to enter the LN. Within
the lymph node, T cells exhibit a random walk in which they migrate almost exclusively along
networks of two stromal cell types, fibroblastic reticular cells (FRCs) and follicular dendritic
cells (FDCs), which reside in the T and B cell areas of LNs (10). Thereby basal intranodal
motility of T cells is provided by the constitutive presentation of the CCR7 ligands on the
surface of FRCs (11, 12). T cells that failed to encounter their cognate antigen exit LNs
through efferent lymph vessels or in particular cases through HEVs (5). For B cells a more
directional migration was observed - at least after their entrance into LNs. CXCR5, which is
expressed on homed B cells allow these cells to traverse the T-cell area to access follicles
where the CXCR5 ligand CXCL13 is generated. B cells also display a random walk
behaviour after arriving in the follicles. Generally, naïve T cells that successfully encounter
their cognate antigen undergo clonal expansion and acquire effector functions after several
days (2). Effector T cells express certain molecules which allow them to migrate to the
source of their antigen in the peripheral tissue, where they fulfil their specific effector
function. After elimination of the antigen, most effector cells die and only a small fraction of
cells become long-lived memory T cells. There are two subtypes of memory cells, the central
and the effector memory cells, which are characterized by distinct homing capacities and
effector functions (13). Both subsets of memory cells mount in strong recall responses
whenever they are encountered by their cognate antigen. While effector memory cells home
to peripheral tissue, central memory cells continue to recirculate through LNs similar to naïve
T cells and scan for their appropriate antigen.
There are two main mechanisms of antigen delivery which furnish the LNs with a huge
collection of different antigens. First, antigenic material enters the LN via afferent lymphatics
and is taken up by resident dendritic cells (DC) within the T cell area of the lymph node.
Thereby the routes by which lymph nodes are supplied with these resident DC subsets are
probably diverse (14). Second, antigens are provided by dendritic cells, which take up
antigen in the periphery and then carry the processed antigen to the draining LNs. Immature
dendritic cells scan tissues and engulf a variety of particles, including microorgansims,
apoptotic cells and cellular debris, which are processed intracellularly into peptides and
loaded onto MHC complexes. These immature dendritic cells mature after exposure to
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inflammatory stimuli, which accompanies with downregulation of inflammatory chemokine
receptors and upregulation of homing chemokine receptors like CCR7 and CXCR4 (15). This
maturation process allows dendritic cells to enter lymphatic vessels and to access the T cell
area of draining lymph nodes (5). Lymph nodes represent a “meeting-point” for several
components of the immune system and make the migration towards these strategically
positioned SLOs a basic requirement to maintain the immune system and gain efficient
immune response. In the immune system, being ”in the right place at the right time” is
provided by the existence of a huge network consisting of chemotactic cytokines - the
chemokine network.

The chemokine network
Chemokines are 8-12kDa sized, secreted proteins, which belong to the large family of
cytokines and possess a strong chemotactic function by binding to their receptors – the
chemokine receptors (16). The binding of chemokines to their appropriate receptors
predominantly induce cell polarization and subsequent migration towards the chemokine
source. This chemotactic function provides a prerequisite for the surveillance of the immune
system and the ability to respond to foreign antigens and tissue damage. However,
chemokines may regulate several other physiological functions apart from cell migration
including cell proliferation, lymphoid organ development, embryogenesis, and cell
differentiation (17). For instance, mice lacking the chemokine CXCL12 die in utero due to
severe defects in hematopoiesis and organogenesis (18). Nowadays there is no doubt that
chemokines are also involved in many pathological processes like inflammation,
autoimmunity, tumourigenesis and cancer metastasis (19). Concerning tumourigenesis for
instance, several chemokines are known to be implicated in cancer development due to their
ability to modulate cell proliferation, apoptosis, invasion, leukocyte recruitment or
angiogenesis (20). Due to their ability to recruit specific lymphocyte populations, some
chemokines also represent good candidates for therapeutic applications like in cancer
therapy.
To date there are more than 40 known human chemokines and 21 chemokine receptors
which are listed in Table 1. Generally, they are classified independent of their function but
according to their N-terminal pattern of cystein residue into four families: CC-, CXC-, C-, and
CX3C. Although the sequence homology of chemokines is highly variable, they share a
conserved tertiary structure, consisting of a disordered N-terminus, followed by a N-loop, a
three-stranded β-sheet, and a C-terminal helix (21). For the interaction of chemokines with
its receptors a “two side model of receptor binding” was compiled, which separates the
chemokine-receptor interaction face in two parts, according to their functions in receptor
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binding and signalling. Thereby the disordered N-terminal domain serves to largely control
receptor signalling (22, 23) whereas the N-loop reveals as interaction site that allows affinity
and specificity (24).

Table 1. Human chemokine receptors along with their correspondent chemokine ligand(s) are listed
Information adopted from reference (1)

Another common classification of chemokines tends to the site of production and the eliciting
function by dividing them in homeostatic/homing and inflammatory chemokines (25).
Inflammatory chemokines are only transiently expressed under specific inflammatory
conditions at sites of infection or tissue injury by different types of resident cells and
infiltrating leukocytes. The main function of inflammatory chemokines is the recruitment of
leukocytes towards the side of infection or inflammation to provoke host defence. Typically,
their expression is induced by proinflammatory cytokines or stimuli like IL-1, TNF-α, IFN-γ or
LPS. Examples of inflammatory chemokines include CXCL8, CCL5, CCL2 and CXCL10 (26).
Homeostatic chemokines regulate the basal migration of lymphocytes under homeostatic
conditions, which displays a prerequisite for the proper function of the immune system. Most
of the homeostatic chemokines are constitutively expressed in lymphoid tissue while some
are also expressed within the skin, intestinal mucosa and the lung. Due to the implication of
chemokines in many aspects of “cellular life”, their expression has to be tightly regulated.
Even though there is a high level of expertise concerning the regulation of chemokine
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expression, not much is known about their functional regulation and bioavailability, and
therefore becoming an increasing field of investigation. A particular subfamily of chemokine
receptors, so called atypical or scavenger chemokine receptors, which possess the ability to
bind chemokines devoid of induction of typical cellular responses, attract attention in the
field. By dint of their special competence to sequester chemokines, they are able to regulate
the chemokine level in the surrounding area and thus may have strong implications on the
cellular response (27). Concerning the regulation of chemokine activity there are already
some regulatory mechanisms uncovered, which are highlighted in the following.
One mechanism to regulate the function of chemokines is mediated by proteolytic cleavage.
After their secretion, many chemokines are processed enzymatically by various proteases
including the serine protease CD26 and diverse matrix metalloproteinases, which results in
modification of their agonist properties. In this manner, proteolytic processing of chemokines
can either strengthen or diminish their chemotactic activity and influence receptor selectivity
(28).
Virtually all chemokines may interact with specific carbohydrate structures found on surfaces
of almost all mammalian cells, called glycosaminoglycans (GAGs). A certain binding
specificity exists between special chemokines and different classes of GAGs, which in part is
due to the diverse functional domains that chemokines use for GAG binding (29). Whether
chemokines can signal in a GAG-bound complex through the chemokine receptor or have to
dissociate before receptor ligation, has not been fully determined yet (30, 31). Therefore
immobilization and mobilization of chemokines by GAGs might serve to control the activity of
chemokines in vivo.
Beside the ability to become immobilized on cell surfaces, many chemokines form dimers or
higher order oligomers either alone in solution or upon binding to GAGs. Thereby the
chemokines can homo-dimerize/oligomerize as well as hetero-dimerize/oligomerize.
Nowadays, it seems to be definite, that binding of chemokines to their correspondent
receptor occurs in a monomeric state (21). However, in vivo data reveal that homologous
oligomerization of chemokines, like CCL2 or CCL4, has a crucial function independent of
direct receptor binding, permitting correct directional migration (32). Hetero-oligomerization is
described for several chemokines among these are the following heterodimers CCL3/CCL4
(33), CXCL4/CXCL8 (34), CCL21/CXCL13 (35), CXCL4/CCL5 (36), and the CCR2 ligands,
particularly CCL2/CCL8 (37). This interaction of two different chemokines can lead to a
markedly altered function. For the heterodimer CCL21/CXCL13, for instance, a synergistic
function is observed, resulting in an enhanced CCR7-mediated migration compared to
stimulation with CCL21 alone (35).
Since many cells express more than one chemokine receptor and are exposed to a variety of
chemokines, the existence of this versatile agonist offer can have a strong influence on the
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cellular outcome. On one hand, it was reported that there is a hierarchical priorization of
certain chemokine gradients, leading to the shut down of the subdominant signalling, which
is presumably due to heterologous receptor desensitization and down-regulation (38). On the
other hand, a synergistic function of heterologous chemokines was reported to result in an
amplified cellular response through heterodimerization of the corresponding receptors or by
forming heteroaggregates (39).
Another level of regulation is provided by the two faces certain chemokines may have –
meaning that chemokines with agonistic functions for one receptor may have antagonistic
activity for another. For instance all three CXCR3 ligands operate antagonistic for CCR3 (40,
41).

Chemokine receptors – pathfinders of the immune system
Chemokines owe their importance to their receptors, the chemokine receptors, which finally
prompt the cell to migrate towards the chemokine source and thereby guide them through
the immune system. Chemokine receptors are mainly expressed on the surface of
leukocytes and belong to the largest family of membrane proteins – the G-protein coupled
receptors (GPCR); more precisely to the large subgroup of rhodopsin-like class A GPCRs
(26, 42). Activation of these receptors leads to the onset of a massive intracellular signalling
network, which induces several cellular responses. The most obvious function of chemokine
receptors is to trigger directional cell migration. Further cellular responses elicited by
chemokine binding which are influenced include proliferation, survival, adhesion and
invasion.
The nomenclature of chemokine receptors is based on the correspondent ligand, resulting in
four different receptor subfamilies, namely CXCR, CCR, CR and CX3CR (see also Table 1).
All these receptors share a conserved molecular architecture composed of seven
hydrophobic transmembrane domains, an extracellular N-terminal segment and a
cytoplasmic C-terminal tail, which contain structural motifs critical for diverse receptor
functions including intracellular signalling and receptor trafficking. Last year the first X-ray
structure of a chemokine receptor was solved. Raymond C. Stevens and colleagues
managed to determine the crystal structure of the human chemokine receptor CXCR4 (43).
The most astonishing finding from this structural analysis displayed the preference of CXCR4
to form pairs or dimers. Although chemokine receptor oligomerization was already reported
for a variety of receptors (44), this structural analysis reveals that CXCR4 dimers strikingly
differ from previous models of GPCR dimers. It was found that there is only little sequence
conservation among chemokine receptors with regard to the dimerization side, suggesting
that this special kind of interaction permits heterodimerization with other chemokine receptor
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(43). Although the functional relevance of chemokine receptor homo/hetero-oligomerization
is currently not fully understood, there are few studies showing that the biology of the
chemokine receptor and the correspondent signalling may be severely affected due to
oligomerization (44). It was observed that specific antagonists hinder chemokine binding to
the partner receptor in a CCR2/CXCR4 heterodimeric complex, which results in a functional
cross-inhibition, in terms of intracellular calcium mobilization and cell migration (45).
A well-known structural feature, which is typically found in GPCRs, exhibits the conserved
DRY-motif in the second intracellular loop, which offers important roles in the coupling and
activation of heterotrimeric G proteins. It was shown for several chemokine receptors that
deletion of the DRY-motif results in a profound deficit in characteristically chemokinemediated cellular functions, primarily directional cell migration, emphasising the important
role of the heterotrimeric G protein in chemokine receptor signalling (3, 46, 47) . The
heterotrimeric G protein consists of a α-subunit, which binds and hydrolyzes GTP and an
undissociable ßγ-complex (48). Receptor activation induces coupling of the heterotrimeric G
protein, which goes along with the exchange of GDP for GTP on the G protein α-subunit.
Subsequently, the GTP-bound α-subunit dissociates from the activated receptor as well as
from the ßγ-complex, and both the α-subunit and the ßγ-complex then regulate the activation
of different effectors like ion channels or enzymes (49). The G protein signal is terminated by
the hydrolysis of GTP, whereupon the GDP-bound α-subunit reassociates with the ßγ complex to enter a new cycle if activated receptors are present (49). Chemokine receptors
are usually described to elicit their cellular function by activation of Gαi family G proteins. This
is characterized by the fact that pertussis toxin treatment, which uncouples Gαi proteins from
GPCRs, leads to suppression of virtually all ligand-induced signalling events and causes
defective homing of lymphocytes to the spleen, lymph nodes and Peyer’s patches in vivo
(50-52). Nowadays, there are several publications showing that other Gα proteins, such as
Gαq, Gα11 or Gα16 (53-55) are implicated in chemokine receptor signalling also. For the
chemokine receptor CCR5, for instance, a shift from Gαi to Gαq/11 was observed after
immunological synapse formation in T lymphocytes, resulting in enhanced T cell-APC
adhesion (56). Together with the α-subunit the ßγ-complex of the trimeric G protein is
instrumental in the regulation of cell migration (57). It was shown that complement C5a
induced migration of macrophages critically depends on Gß2 but not on Gß1 or Gα subunits
(58). Moreover the Gßγ effectors PLCß and PI3K were shown to be involved in the regulation
of lymphocyte migration and adhesion (59-61).
In recent years, there has been growing evidence that GPCRs can also transmit G-protein
independent signals to elicit certain intracellular signalling cascades, including the activation
of the MAP kinase pathway (62). The condition for G-protein independent signalling is
potentially based on the fact that GPCRs also interact with a variety of other proteins than
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the trimeric G protein, including ß-arrestins, tyrosine kinases and PDZ-domain containing
proteins (62). The number and kind of signalling cascades, which are activated after
chemokine receptor stimulation depends on several factors including the duration of ligand
stimulation or the activation- and differentiation state of the cell. Hence investigation of
different intracellular signalling pathways emerges to be very complex. The strength of the
intracellular signalling cascade is strongly addicted to the level of chemokine receptor
expression, which is subjected to the careful balance of receptor endocytosis and recycling.
Usually chemokine receptors exhibit a basal level of internalization and degradation or
recycling, which can greatly enhance after ligand binding. There are two common options for
receptor sequestration: clathrin-mediated endocytosis and lipid raft/caveolae-dependent
internalisation (63). Clathrin-mediated receptor internalisation is initiated by GRK-mediated
phosphorylation of Serine and Threonine residues within the intracellular loops and/or the Cterminus of ligand-activated receptor. On one hand, this phosphorylation facilitates G-protein
uncoupling and receptor desensitization and on the other hand leads to the recruitment of
adaptor molecules like ß-arrestins. Due to their ability to interact with two major components
of the internalization machinery, namely clathrin and AP2, ß-arrestins serves as important
adapters for receptor sequestration (64). After the recruitment of adapter molecules, clathrincoated pits are formed, which then “pinch-off” from the membrane through the action of
dynamin and become receptor/ligand complex containing clathrin-coated vesicles. Within the
cells these vesicles are then uncoated and the receptor/ligand complex enters the early
endosomal compartment. From the early endosomal compartment, the chemokine receptor
can either enter the perinuclear recycling compartment and traffic back to the plasma
membrane to be re-exposed to ligand, or it enters the late endosomal compartment where it
will be sorted to the lysosomal compartment for degradation (63). With regard to receptor
degradation within lysosomal compartments a special receptor modification has come to the
fore – the ubiquitylation. Ligand induced receptor modification via ubiquitin was reported to
be important for the lysosomal sorting of the chemokine receptor CXCR4 (65). Although this
mechanism was described for several transmembrane receptors, CXCR4 is so far the only
reported chemokine receptor which is modified by ubiquitin association.
Regarding the lipid raft/caveolae-dependent receptor internalisation, there is only limited
information available. For the chemokine receptor CCR4, for instance, it has been
demonstrated that its internalisation depends on lipid raft integrity and functionality of
clathrin-coated pits (66). Membrane rafts are highly dynamic, sterol- and sphingolipidenriched domains that are able to compartmentalize cellular processes (67). Since the
membrane composition varies between different cell types, there are several controversial
results in terms of the function of lipid rafts in receptor endocytosis. Thus, the impact of lipidraft mediated chemokine receptor sequestration is not fully determined.
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A group of small GTPases, the Rab family of proteins, represent important regulators of
intracellular chemokine receptor trafficking. Due to a posttranslational modification with
geranyl–geranyl groups, Rab proteins are able to associate with intracellular membranebound compartments. Strikingly, different Rab family members associate with particular
endocytic compartments, where they fulfil their function in recruiting several effector proteins
(68). Generally, there are two different recycling pathways described for chemokine
receptors – a rapid one, where cargo proteins are directly transported back to the plasma
membrane from the early endosomal compartment, and a slow one which is associated with
recycling endosomes and the trans-Golgi network (69); the Rab family members Rab4 and
Rab5 support the rapid recycling path, whereas Rab11 controls the slow recycling pathway.
Moreover, there are presumably different factors implicated in the recycling of chemokine
receptors, including the duration and concentration of ligand stimulation as well as sorting
motifs located in the intracellular domains of the receptor (63). The precise mechanism of
chemokine receptor recycling is not fully determined so far.

The homing chemokine receptor CCR7
Recruitment of immune cells towards the lymph nodes, which have several outstanding
functions in the immune system, represents one of the fundamental circumstances within the
immune system. Immune cell homing towards lymph nodes critically depends on the
chemokine receptor CCR7 and its two ligands CCL19 and CCL21. CCR7 is expressed on
naïve B and T cells (13, 70), T reg cells (71), central memory T cells (13), semi-mature and
mature dendritic cells (72) and thymocytes during defined stages of their development (73).
Additionally CCR7 is found on some non-immune cells particularly on different types of
cancer cells (74, 75). Concerning the transcriptional regulation of CCR7 it was shown that
the STAT family of transcription factors, especially STAT6 and STAT1 negatively influence
CCR7 expression (76, 77). Furthermore it was reported that the transcription factor Foxo1
controls the expression of the adhesion molecule L-selectin and CCR7 in naïve T cells,
resulting in poorly populated lymphoid compartments in Foxo1-deficient mice (78, 79). The
transcription factors NFκB and AP-1 have been described to positively regulate CCR7
expression in different cells types (80, 81).
Characterisation of CCR7-/- mice have revealed several functions for CCR7, demonstrating
the importance of these chemokine receptor for efficient function of the immune system (82).
The most severe functional defect of these CCR7-deficient mice is displayed in the
drastically declined migration of T-lymphocytes towards LNs and Peyer’s Patches, whereas
the homing of B cells is not affected. Transfer experiments showed that the diminished
migration towards these lymphoid organs comes along with an accumulation of T-
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lymphocytes within the red pulp of the spleen. Further studies have shown that activation of
CCR7 on rolling T cells induces lymphocyte function-associated antigen 1 (LFA-1)-mediated
arrest on HEV cells, which is important for efficient cell homing to SLOs. Thereby, activation
of LFA-1 is mediated by SLC, which is presented on the luminal surface of peripheral lymph
node as well as peyer’s patch HEVs (83, 84).
The migration of mature dendritic cells (DCs), that upregulate CCR7 during maturation, was
also strongly reduced in CCR7-deficient mice. Recently the group of Reinhold Förster
observed that already resting plasmacytoid DCs express low amounts of CCR7 (85). This
low amount of CCR7 expression was shown to be sufficient to trigger steady-state migration
of pDCs towards the lymph node, indicating that, similar to naïve T cells, nonstimulated
pDCs migrated in a CCR7-dependent manner towards lymph nodes (85). Beside its
implication in migration, CCR7 activation also ameliorates the ability of DCs to prime T cells
(86). Further it has been reported that CCR7 ligands increase the uptake of antigen in
mature DCs (87). In addition to the homing process CCR7 plays a decisive role in the
intranodal motility and the positioning of immune cells in the functional microenvironment of
SLO. Within the lymph node, CCR7 is important for T cell movement. Two-photon
microscopy studies have shown that CCL19 and CCL21, expressed by reticular stromal
cells, enhance the motility of naïve T cells within the lymph node but have no influence on
the directionality (11, 12, 88). Together with the finding that there is no CCL21-mediated
integrin activation on T cells under shear-free conditions, it is assumed that intranodal
migration of T lymphocytes does not depend on integrin-mediated adhesion (89).
An even more obvious feature than the severe functional defect in CCR7-/- mice is the
tremendously altered micro-architecture of their lymphoid organs. On one hand the medullary
areas of the thymus are indeed more numerous but smaller and casually misplaced in CCR7
deficient mice compared to their wild-type counterpart (73, 90). On the other hand lymph
nodes are lymphopaenic and the structural organization of the paracortical areas of lymph
nodes, the white pulp of the spleen and the Peyer’s patches is scrambled (82). Studies using
CXCR5-/- CCR7-/- double deficient mice revealed a lack in peripheral LNs, suggesting a
profound role for both receptors in secondary lymphoid organ development (91). Strikingly,
CCR7-/- mice develop ectopic follicular structures with major topologic characteristics of
lymph nodes consisting of well segregated B- and T cell zones and high endothelial venules
(92). These severe alterations in the morphology of secondary lymphoid organs are clearly
related to the essential role for CCR7 in immune cell migration (93). Due to this profound
functional and morphological damage it is not really astonishing that adaptive immunity in
CCR7-/- mice is, in most cases, strongly diminished and delayed. In addition there is
emerging evidence that some pathogens can exploit CCR7 and its ligands for their infection
strategies. For example L. monocytogenes use the CCR7-mediated DC migration to enter
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draining lymph nodes, from where they spread into other organs (94). Additionally to the role
of CCR7 in the induction of protective immunity, the homing chemokine receptor is important
for the establishment of immunological tolerance. This is reflected in the fact that CCR7deficient animals are prone to develop generalized multi-organ autoimmunity (95). Important
for this lack in central and peripheral tolerance induction is the strongly impaired migration of
tolerogenic DCs towards the lymph nodes under homeostatic conditions (96). Further the
inability of Treg cells to home to lymph nodes blocks the tolerance induction, by the lack of
their suppressive activity in the T cell zone (71).
Regarding CCR7 from a more biochemical point of view, it does not fundamentally differ from
other chemokine receptors at first sight. Similar to others, CCR7 contains seventransmembrane-spanning domains and mediates its signals predominantly through
heterotrimeric G-proteins and their downstream effectors. Structural dissections of CCR7
revealed that the DRY motif, resided in the second intracellular loop, and the C-terminus to
be important for G protein coupling (3). As pertussis toxin treatment completely abolishes
CCR7-mediated migration it was up to now quite obvious that CCR7 signalling is initiated by
a heterotrimeric G protein containing a Gαi subunit. However more recent data provided by
Shi and co-workers discovered an alternative signal transduction pathway dependent on Gαq
signalling (55). Surprisingly, they could show that this Gαq-dependent pathway is only
important for DCs, whereas CCR7-mediated T cell migration depended on Gαi (55). After
initial stimulation of CCR7 with either ligand a prompt increase in intracellular calcium
concentration occurs or the MAP kinases Erk-1/2 become activated (97-100). The role of the
MAP kinase ERK in terms of CCR7-mediated migration is ambiguous, as there exist
controversial results (101-103). Other proteins which have shown to be implicated in CCR7mediated cell polarization and migration include ROCK (104, 105), p38 (101), DOCK2 (106)
or PLCγ (103). Additionally, a G-protein independent pathway via JAK2 was reported to be
important for lymphocyte migration (107). JAK3 has also been reported to participate in
CCR7-mediated signalling and chemokine-induced migration of T lymphocytes and dendritic
cells (108, 109). Moreover, CCR7 activation has been shown to regulate integrin activity
suggesting that CCR7 signalling can influence the mobility of immune cells on certain
surfaces (110). In lymphocytes, for instance, CCL19 and CCL21 rapidly induce lateral
mobility (in a PI3K-dependent manner) and transiently increase the affinity of the beta2
integrin LFA-1 (111).
Aside from migration, CCR7 has been shown to be involved in several other cellular
functions like cell proliferation and survival. In mature DCs CCR7 activation induces antiapoptotic signalling mediated by a PI3K/Akt pathway and enhances the activity of the
transcripition factor NFκB (112). A recent follow-up study showed that glycogen synthase
kinase-3beta (GSK3beta) is also involved in the CCR7-mediated signalling which induces
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survival in mature dendritic cells (113). Concerning cell proliferation it was reported that
addition of CCL21 during early time points of T cell activation strongly increased in vitro Tcell proliferation after TCR stimulation using a DOCK2/Rac dependent pathway (114). In
contrast another study observed a rather inhibitory effect of CCR7 signalling on T cell
proliferation, using high amounts of CCR7 ligand during the priming phase (115).
Although CCR7 has two different agonists, there is only little information on the difference in
the signal transduction. However a few disparities are reported for these two chemokines
which will be examined more carefully in the following part.

The homeostatic chemokines – CCL19, CCL21
CCL19 and CCL21 are the main chemokines responsible in immune cell “homing” towards
the lymph nodes through binding to their correspondent receptor CCR7. Although both
chemokines are expressed constitutively within lymph nodes and bind to the same receptor
they vary in some aspects concerning expression pattern, localisation and cellular functions.
CCL21, also known as SLC, TCA4, exodus-2 or 6Ckine, is constitutively expressed by
follicular reticular cells (FRC), which are stromal cells present in the lymphoid T cell zone.
Further it is reported that in the murine system endothelial cells of the high endothelial
venules (HEV) also express CCL21 (116-119). CCL19 (also known as Epstein-Barr virusinduced gene 1, ELC or MIP3ß) lacks expression in HEV cells but is also constitutively
expressed by FRCs albeit in a lower concentration than CCL21 (119, 120). Although HEV
cells do not express CCL19 it was reported that perivascular CCL19 is transcytosed to the
luminal surfaces of HEVs and enables efficient T cell homing to lymph nodes (121). Similar
results were obtained for CCL21 in the human system, which also lacks expression in high
endothelial cells but is highly abundant on HEVs presumably due to transcytosis (122). A
change in CCL19 and CCL21 expression was reported within lymphoid tissues during
immune response (123). An IFNγ-modulated downregulation of chemokine expression
appears which comes along with an altered localization of lymphocytes and dendritic cells
within the corresponding lymphoid tissue, impairing T cells responses to an additional
pathogen (123).
Additionally it is known, that CCL21 is able to bind heparan sulphate residues, whereas
CCL19 remains largely soluble. Binding of CCL21 to heparan sulfate residues is
accomplished by a highly charged C-terminal extension, which does not exist in CCL19.
Truncation of this C-terminal region within CCL21 abolishes the binding on high endothelial
and therefore hinder lymphocyte extravasation (83). Furthermore CCL21, which is
immobilized on FRCs, is able to afford dendritic cell haptokinese by triggering cell adhesion
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and migration. Although soluble chemokines indeed may induce correct directional cell
migration they can not trigger adhesion (124).
Although CCL19 and CCL21 depict similar affinities for their receptor CCR7, they can induce
different cellular responses. CCL19 for instance was reported to elicit profound receptor
sequestration, whereas equal amount of CCL21 does not. This is caused by augmented
receptor phosphorylation after CCL19 binding, leading to ß-arrestin2 recruitment (125-127)
and further internalization of the CCR7-CCL19 complex (97, 98, 126). After initial
internalization the receptor is recycled back to the plasma membrane prepared to become
activated again, whereas CCL19 becomes degraded within the lysosomal compartment (98).
A recent study by Zidar and co-workers demonstrate that both chemokines are able to recruit
ß-arrestin2 by the activation of GRK6 but only CCL19 activates GRK3, suggesting a biased
role for CCL19 and CCL21 in terms of receptor signalling (128).
In contrast to humans, mice have two different isoforms of CCL21 differing in one amino acid
– CCL21Ser and CCL21Leu. CCL21Ser is expressed by HEVs, whereas CCL21Leu is
expressed in non-lymphatic endothelium (129). A mutant mouse strain carrying an autosomal
recessive mutation designated paucity of lymph node T cells (plt), is deficient for CCL21Ser
and CCL19 and therefore displayed severed alterations in lymphocyte homing and immune
response (119, 130, 131). Lymph nodes of plt/plt mice harbour only few naïve T cells
indicating a strongly diminished T cell homing. In contrast the number of memory T cells and
B cells is less affected, indicating an alternative path of cell recruitment for these cells (132).
Migration of antigen-loaded mature DCs into lymph nodes in consequence of inflammation is
also strongly reduced in plt/plt mice (132). Further this mutant mouse strain displayed a
severe defect in thymic architecture and function, which in part depends on the incorrect
recruitment of T-precursor cells to fetal thymi (133).
In the last two decades there was an excessive search for new chemokines and chemokine
receptors. Among these, atypical, non-signalling chemokine receptors whose precise
function is not fully determined up to now have come to the fore. Gosling and colleagues
found a chemokine receptor, which can also bind the two lymph node chemokines CCL19
and CCL21, termed CC-X-chemokine receptor (CCX-CKR) (134). This chemokine receptor,
which additionally binds CCL25, is exclusively expressed by stromal but not hematopoietic
cells (135). Unlike CCR7, CCX-CKR is not able to trigger common G-protein signalling
pathways or to mediate chemotaxis. Although CCL19 internalization was comparable for
both CCX-CKR and CCR7, CCX-CKR degrades the internalized chemokine more efficiently.
This suggests a role for CCX-CKR in extracellular chemokine scavenging and thereby
influencing the response to CCR7 (126). Another atypical chemokine receptor termed CRAM
- first described in 1998 (136) - was recently described to bind, amongst others, CCL19
(137). Due to a mutation in the conserved DRY motif, which depicts a common motif in
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GPCRs necessary for G-protein coupling, triggering of CRAM does not elicit classical
chemokine receptor responses like cell migration or calcium mobilization (137). Since CRAM
shows noticeable constitutive internalization, also here a chemokine scavenging role was
assumed. Moreover a reduced chemotactic response towards CCL19 for cells expressing
high levels of CRAM indicates that CRAM is able to balance CCL19-mediated cellular
responses (138).
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Aim of the study
The chemokine receptor CCR7, together with its two known ligands CCL19 and CCL21,
essentially governs cell homing of antigen-bearing dendritic cells and T lymphocytes to
secondary lymphoid organs. Thus, CCR7 represents one of the most important regulators in
homeostatic immune surveillance and protective immunity. Most of the knowledge on CCR7
is derived from mouse models and focus on the implication of CCR7-mediated migration
under different immunological aspects. However, the precise molecular mechanisms of
CCR7-mediated signalling and receptor trafficking in cell biology and immunology are poorly
investigated.
The objective of this study is the functional and structural dissection of human CCR7. In
order to understand how this chemokine receptor transmits signals, which elicit a variety of
cellular functions, including cell migration, proliferation and receptor trafficking, the following
questions were investigated:
- What kind of posttranslational modifications occur at CCR7 and what are their functional
consequences?
- Which intracellular moieties of CCR7 are important for ligand-induced receptor
internalization?
- Is ligand induced G-protein mediated signalling important for CCR7 trafficking?
- Does T cell receptor activation influences CCR7-mediated chemotactic responses?
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Abstract
Chemokine receptors represent a family of G-protein coupled, seven-transmembrane
receptors responsible for directed cell migration. The chemokine receptor CCR7 is
preferentially expressed on lymphocytes and dendritic cells and plays an essential role in
immune cell homing to secondary lymphoid organs, where its two ligands, CCL19 and
CCL21, are constitutively expressed. Due to the ability to induce directional migration, CCR7
and its ligands are pivotal for the regulation of the immune system. In the present study, we
demonstrate that CCR7 is ubiquitylated in a constitutive, ligand-independent manner.
Furthermore, we identify a crucial function of CCR7 ubiquitylation in receptor trafficking. First,
we discovered that receptor ubiquitylation regulates the basal trafficking of CCR7 in the
absence of ligands. Second, we found that upon CCL19 binding, an ubiquitylation-deficient
CCR7 mutant provoked a severe traffic jam, manifested by receptor accumulation in the
perinuclear compartment. Our results provide clear evidence for a novel function of receptor
ubiquitylation in the regulation of CCR7 recycling.
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Introduction
Chemokine receptors represent a family of seven-transmembrane spanning, G-proteincoupled receptors which interact with chemotactic cytokines, so-called chemokines.
Stimulation of these receptors via their cognate ligands leads to the onset of a complex
intracellular signalling cascade which finally leads to cell polarization and migration towards
the ligand source (139). Migration of immune cells represents a key element in the immune
response and has to be tightly regulated (140). The chemokine receptor CCR7 is responsible
for the homing of immune cells to secondary lymphoid organs (SLOs), which is fundamental
to obtain a specific immune response (93). CCR7 is mainly expressed on naïve lymphocytes
and mature dendritic cells and has two known ligands, CCL19 and CCL21, which are both
constitutively expressed by stroma cells within SLOs (119). Stimulation of CCR7 with either
ligand was shown to induce similar G-protein activation, ERK-1/2 phosphorylation, calcium
mobilisation, and cell migration in terms of potency and efficacy (3, 98, 125). In contrast, only
CCL19 triggering resulted in CCR7 phosphorylation on serine/threonine residues (125),
permitting ß-arrestin2 binding (125-127), resulting in profound receptor internalisation (97,
98, 126). Recently a biased ligand model for CCL19 and CCL21 was proposed where both
chemokines are able to recruit ß-arrestin-2 to CCR7 by activating G-protein-coupled receptor
kinase 6 (GRK6), resulting in ERK-1/2 phosphorylation, whereas only CCL19 was able to
activate GRK3 leading to ß-arrestin-2-dependent CCR7 internalisation (128). Moreover, we
demonstrated, that the CCR7-CCL19 complex is internalised through clathrin-coated pits and
subsequently transported to early endosomes (98). Finally, internalised CCR7 recycled back
to the plasma membrane (97, 98) to re-participate in cell migration, whereas CCL19 was
sorted to lysosomes for degradation (98).
Ubiquitin, a small protein modifier with a variety of cellular functions, is conjugated to different
target proteins through a covalent bond between the C-terminal glycine of 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 ubiquitins (141). The different kinds of ubiquitin
modifications already provide an indication of the distinct physiological function of each
ubiquitylation. K48-polyubiquitylation, for instance, is the most common modification leading
predominantly to proteasomal degradation of the target protein (142). More recently, monoand multiubiquitylation were discovered to be involved mainly in DNA repair, cell-cycle
progression, apoptosis, autophagy, virus budding or receptor endocytosis (141, 143, 144).
First indications that ubiquitylation can regulate transmembrane receptor trafficking were
derived from yeast studies (145, 146). More recent studies demonstrated, that ubiquitylation
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of mammalian transmembrane receptors, including GPCRs, does not primarily serve as an
endocytosis signal but rather provides a sorting signal that directs internalised receptors to
appropriate degradative compartments (143, 147, 148).
So far, ubiquitylation of chemokine receptors was exclusively demonstrated for CXCR4 (65,
69, 149). CXCL12 stimulation led to CXCR4 ubiquitylation by AIP4, a HECT E3 ubiquitin
ligase, resulting in lysosomal sorting and degradation of CXCR4 (65, 149). Interestingly,
CXCL12 was recently shown to recruit the de-ubiquitylation enzyme USP14 to CXCR4,
thereby regulating CXCR4 degradation and cell migration (150). Moreover, depletion of the
de-ubiquitylation enzyme USP8 was found to stabilise surface expression of CXCR4 without
affecting receptor ubiquitylation, indicating a role of USP8 in CXCR4 trafficking and
degradation (151). Of note, the chemokine receptors CXCR2 and CXCR3 are also degraded
in lysosomes but through an ubiquitin-independent mechanism (152, 153). Whereas ligandinduced sorting of CXCR2 to lysosomes was mediated by Rab7 (154), CXCR3 underwent
constitutive lysosomal sorting and degradation in the absence of ligands (153).
The role of ubiquitylation in function and trafficking of the homing chemokine receptor CCR7
has not been addressed yet. We found that CCR7 is ubiquitylated in a constitutive, ligandindependent manner. Lack of receptor ubiquitylation revealed no severe alteration in CCR7mediated cell migration or ERK-1/2 activation. However, we found a strong implication of
receptor ubiquitylation in the recycling of ligand-mediated internalised CCR7. Moreover, we
observed profound accumulation of an ubiquitylation-deficient CCR7 mutant in a perinuclear
compartment after ligand stimulation, identifying a novel role for receptor ubiquitylation that
determines the recycling process of a transmembrane receptor. We provide clear evidence
that internalised CCR7 passes the trans-Golgi compartment on its retrograde trafficking path
towards the plasma membrane. Further we investigated an additional function of CCR7
ubiquitylation in the regulation of the constitutive trafficking of the receptor in the absence of
its cognate ligands.
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Results
The chemokine receptor CCR7 is constitutively ubiquitylated
Ubiquitylation of transmembrane receptors can serve as endocytosis or sorting signal (143).
The chemokine receptor CCR7 is rapidly internalised upon CCL19 binding, but remains
predominantly at the plasma membrane upon CCL21 activation (98). In order to investigate
whether ubiquitylation regulates CCR7 trafficking, we first used HEK293 cells stably
expressing human CCR7 with a C-terminal HA tag as a model system. These cells were
transiently transfected with a 3xFlag-tagged ubiquitin construct and incubated in the absence
or presence of either CCR7 ligand for 30 minutes at 37°C. CCR7 was immunoprecipitated
from cell lysates using anti-HA-agarose and ubiquitylated CCR7 was detected by Western
blot analysis using an anti-Flag antibody. As shown in Figure 1A, CCR7 becomes
constitutively ubiquitylated. Ubiquitylated CCR7 appeared as a smear at higher molecular
weights, indicating polyubiquitylation of CCR7.

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. 48h after transfection, cells were either
stimulated for 30 minutes with 1µg/ml of the indicated
chemokine or left untreated. Subsequently, cells were lysed and
HA-tagged CCR7 was immunoprecipitated using anti-HAagarose. 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) To detect endogenous
ubiquitin bound to CCR7, the receptor was immunoprecipitated
from non-stimulated HEK293-CCR7-HA cells and a monoclonal
ubiquitin antibody was used for detection. (C) HEK293-CCR7HA cells were transiently transfected with either 3xFlagubiquitin, 3xFlag-K48R-ubiquitin or 3xFlag-K63R-ubiquitin, 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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Surprisingly, we observed only a minor increase in CCR7 ubiquitylation after stimulation with
either ligands, CCL19 or CCL21, respectively. No ubiquitin smear was detected in cells
lacking CCR7 expression. To exclude that ubiquitin attachment is due to protein
overexpression, we assessed the association of endogenous ubiquitin to CCR7. Therefore
either unstimulated or ligand stimulated CCR7 was immunoprecipitated from HEK293-CCR7HA cells and endogenous ubiquitin was detected using a polyclonal anti-ubiquitin antibody.
Also under this condition CCR7 was ubiquitylated in a ligand-independent manner (Figure
1B). Due to the lack of appropriate antibodies, we were unable to assess ubiquitylation of
endogenous CCR7.
We next aimed to determine the ubiquitin linkages to get new functional insights into this
receptor modification. K48-linked polyubiquitin chains are believed to target proteins to
proteasomal degradation, whereas K63-linked ubiquitylation is thought to also play a key role
in receptor endocytosis (143). Thus, two different ubiquitin mutants were generated that
prevent K48-mediated (K48R-ubiquitin) or K63-mediated (K63R-ubiquitin) ubiquitylation.
Expressing either wildtype ubiquitin or the two mutants in CCR7 expressing cells revealed a
clear preference of K48R-ubiquitin to be attached to CCR7, whereas K63R-ubiquitin
attachment was comparable to wildtype ubiquitin (Figure 1C). This result indicated that
ubiquitin linkage via K48 is not the preferred linkage for CCR7 ubiquitylation.
Conjugation of ubiquitin to a target protein requires three different enzymes: an E1 ubiquitinactivating enzyme, an E2 ubiquitin conjugating enzyme and an E3 ubiquitin ligase, of which
the latest provides the specificity as it recognises the substrate (155). Only a few E3 ligases
are described for integral membrane proteins, including AIP4 which ubiquitylates the
chemokine receptor CXCR4 (149). In an attempt to identify the E3 ubiquitin ligase for CCR7,
we knocked down the expression of the most promising candidates, including NEDD4-L,
NEDD4, AIP4, and Cbl-b (149, 156-158), by siRNA. As shown in Figure 2, neither NEDD4-L,
NEDD4, AIP4, nor Cbl-b seem to be the major E3 ligase for CCR7 ubiquitylation.
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Figure 2. The Nedd4 family of E3 ubiquitin ligases and Cbl-b are not responsible for CCR7
ubiquitylation.
HEK293-CCR7-HA cells were transfected 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 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. At day 2, cells were harvested. To assure knock-down efficiency of mRNA from targeted E3
ligases, mRNA was isolated from a small fraction of cells and analysed using quantitative real-time PCR (bar graphs).
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 stripped and
ß-actin was detected to assure equal protein loading.
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Cell migration and ERK-1/2 activation are only moderately altered in the absence of
CCR7 ubiquitylation
To define the function of CCR7 ubiquitylation, we created a lysineless receptor mutant.
Pursuant to the topology prediction by Swiss-Prot (www.expasy.org/sprot/), CCR7 contains
seven cytoplasmic lysine residues that could potentially be modified by ubiquitin (Figure 3A).
We cloned a lysineless mutant of CCR7, termed CCR7-7K7R, where all seven lysine
residues were replaced by arginines and stably expressed it in HEK293 cells. CCR7-7K7RHA was properly inserted into the plasma membrane and surface expression levels were
comparable

to

wildtype

CCR7

as

determined

by

flow

cytometry

(Figure

3B).

Immunoprecipitation studies in cells expressing either HA-tagged CCR7 or CCR7-7K7R
together with 3xFlag-ubiquitin show an almost complete loss of ubiquitylation in the
lysineless CCR7 mutant (Figure 3C). This result provided clear evidence that CCR7
becomes ubiquitylated at one or more of the predicted, intracellular lysine residues and
further confirmed the specificity of receptor ubiquitylation.

Figure 3. Generation of a lysineless,
ubiquitylation-deficient
CCR7-7K7R
mutant.
(A)
Schematic
representation
of
the
chemokine
receptor
CCR7.
Predicted
intracellular lysine residues, representing
putative ubiquitin conjugation sits are
highlighted and 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. 48h later,
cells were lysed and HA-tagged CCR7 was
immunoprecipitated using anti-HA-agarose.
Receptor ubiquitylation was detected with the
anti-Flag antibody M2.

To address potential differences in biological functions of CCR7 and its ubiquitylationdeficient mutant, we generated immune cell lines expressing the two CCR7 forms. We used
the commonly used pre-B cell line 300-19 as model system which does not endogenously
express CCR7 (98, 100, 159). An analysis of cell surface expression as assessed by flow
cytometry, revealed a slightly enhanced surface expression level of CCR7-7K7R-HA
compared to CCR7-HA (Figure 4A), which was continuously observed in a number of
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different cell clones tested (data not shown). To investigate the effect of ubiquitylation on the
migratory response, we performed 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 (Figure 4B). Cells expressing CCR7-7K7R-HA also migrated in a
dose-dependent manner towards the two chemokines, but migrated already efficiently at low
CCL21 concentrations compared to CCR7-HA expressing cells (Figure 4B).
Next, we investigated the influence of receptor ubiquitylation on the activation of the MAPkinases ERK-1/2, which represents one of the most established, early signalling events after
CCR7 stimulation. To this aim, HEK293 transfectants were stimulated with 100ng/ml of either
CCL19 or CCL21 for different time points and ERK-1/2 phosphorylation was analyzed by
Western blotting. As depicted in Figure 4C, CCR7-7K7R expressing cells showed a more
sustained chemokine-induced ERK-1/2 phosphorylation compared to CCR7 expressing cells.
Taken together, chemokine-mediated cell migration and ERK-1/2 activation were only
moderately influenced in a CCR7 mutant that can not be ubiquitylated.

Figure 4. Chemokine-induced cell migration and ERK-1/2 activation are only moderately altered in the
absence of CCR7 ubiquitylation.
(A) Surface expression of 300-19 preB-cells stably expressing either CCR7-HA or CCR7-7K7R-HA was determined by flow
cytometry using a biotin-labelled CCR7 antibody and stained with PE-streptavidin. Control staining was preformed with PEstreptavidin alone and depicted as solid line. The experiment was reproduced for at least four times. (B) Stably transfected
300-19 CCR7-HA and CCR7-7K7R-HA cells were allowed to migrate for 3 hours in response to graded concentrations of
TM
CCL19 or CCL21 in Transwell chemotaxis assays. The number of migrating cells was determined by flow cytometry. Mean
values ± SEM of four independent experiments are depicted as percentage of input cells. (C) HEK293 cells expressing
CCR7-HA or CCR7-7K7R-HA were stimulated for indicated time points with 100ng/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.

Ubiquitylation-deficient CCR7 displays strongly impaired receptor recycling
To investigate the role of ubiquitylation in CCR7 trafficking, we stimulated 300-19
transfectants with 2µg/ml CCL19 for 30 minutes to induce receptor internalisation and

Chapter 2

27

assessed remaining surface expression by flow cytometry. To determine receptor recycling,
chemokine triggered cells were washed extensively and incubated for 1 or 2 hours in the
absence of chemokines to permit receptor re-expression at the cell surface. As CCL21
triggering hardly led to receptor endocytosis (97, 98, 126, 127), we focused on CCL19mediated trafficking of CCR7. Stimulation of CCR7 expressing cells with CCL19 provoked
rapid and profound receptor endocytosis (Figure 5), confirming previous studies using cell
lines and primary T cells (3, 98). Interestingly, CCL19-mediated CCR7-7K7R endocytosis
was comparable to that of CCR7 (Figure 5), providing clear evidence that ubiquitylation is not
a signal to induce CCR7 internalisation. In contrast, we found a surprising difference in the
recycling behaviour of the lysineless variant of CCR7. Whereas CCR7 recycled relatively fast
back to the plasma membrane reaching again 50% cell surface expression after 1 hour
(Figure 5 and (3, 98), CCR7-7K7R failed to efficiently recycle back to the plasmamembrane
after removing of the ligand. Also after 2 hours, only marginal re-expression of some
ubiquitinless CCR7 at the cell surface was observed (Figure 5), indicating that a lack of
ubiquitylation strongly impaired and decelerated the entire recycling process. Similar results
were obtained in HEK293 transfectants (data not shown).

Figure 5. Ubiquitylation-deficient CCR7 displays strongly impaired receptor recycling.
300-19 preB cells stably expressing similar amounts of HA-tagged CCR7 or CCR7-7K7R were incubated with 2µg/ml CCL19
for 30 minutes to induce receptor endocytosis. For receptor recycling, CCL19-stimulated cells were washed extensively to
remove unbound ligand and further incubated for 1 or 2 hours 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 out of at least
four showing basal receptor expression before chemokine stimulation (black bold line) together with either endocytosed or
recycled receptor levels (grey) are shown. This grey line represents isotype control staining. (B) Relative CCR7 surface
expression after endocytosis and recycling as percentage of untreated cells. Mean values ± SEM of five independent
experiments are depicted as relative expression of untreated cells.

CCR7 ubiquitylation is important for constitutive receptor trafficking
To further investigate the fate of CCR7 after initial internalisation steps and to analyse the
role of ubiquitylation in this process, we performed confocal laser-scanning microscopy using
HEK293 cells stably expressing comparable levels of either CCR7-GFP or CCR7-7K7R-GFP
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(Figure 6). We have shown previously that fusion of GFP to CCR7 has no adverse effects on
receptor signalling and trafficking (98). Again, ligand-induced receptor endocytosis was
comparable in cells expressing CCR7-GPF and CCR7-7K7R-GFP, whereas recycling of the
ubiquitylation-deficient CCR7 was impaired (Figure 6B). We have demonstrated previously
that CCR7 is rapidly internalised after CCL19 triggering via clathrin-coated pits and
subsequently localized in transferrin-positive early endosomes (98). Here, we demonstrate
that a small but significant fraction of CCR7-GFP colocalised with the early endosomal
marker EEA1 in the absence of ligand (Figure 7). The amount of CCR7-GFP containing
structures was very low but consistent in all cells expressing CCR7-GFP analysed. Strikingly,
the lysineless CCR7 was hardly detectable in early endosomal vesicles. These finding
suggests a role for ubiquitin in the positive regulation of basal chemokine-receptor trafficking.

Figure 6. Impaired recycling of internalised CCR7-7K7R-GFP.
(A) Comparable cell surface receptor expression (grey) of CCR7-GFP and CCR7-7K7R-GFP in stably transfected HEK293
cells as assessed by flow cytometry. White graphs depict corresponding isotype controls (B) Ligand-mediated endocytosis
and recycling of CCR7 was determined in cells stimulated with 2µg/ml CCL19 for 30 minutes. For receptor recycling,
CCL19-stimulated cells were washed extensively to remove unbound ligand and further incubated for 1 hour 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 three independent experiments.

Next, we determined early endosome localisation of the receptor after 10 and 30 minutes of
CCL19 treatment. Substantial receptor internalisation and localization in early endosomal
vesicles was detected for both, CCR7 and its lysineless mutant (Figure 7). To investigate the
storage period of the chemokine receptors in the early endosomal compartment, we treated
the cells for 30 minutes with 2µg/ml CCL19, removed the ligand and incubated the cells in
the absence of chemokines for one additional hour to facilitate receptor recycling. Some
CCR7-GFP still colocalised with EEA1, but the proportion was drastically reduced compared
to the initial 30 minutes after receptor triggering (Figure 7). Furthermore, there were a couple
of globular, CCR7-GFP containing structures that did not stain for EEA1 anymore, which
presumably represent recycling compartments. In contrast, there were almost no EEA1
positive, CCR7-7K7R-GFP containing structures left after one hour of ligand deprivation, but
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a profound accumulation of CCR7-7K7R-GFP was observed in the perinuclear region of the
cell (Figure 7).

Figure 7. Constitutive receptor
trafficking, but not chemokinemediated initial internalisation step,
is
impaired
in
ubiquitylationdeficient CCR7
HEK293 cells stably expressing either
CCR7-GFP or CCR7-7K7R-GFP were
either left untreated (constitutive) or
incubated for 10 or 30 minutes with CCL19.
For receptor recycling, cells were incubated
for 30 minutes 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
and imaged by confocal microscopy.
Images are representative of many cells
examined in three separate experiments.

Only a few studies report on basal transmembrane receptor ubiquitylation and its
involvement

in

constitutive

trafficking.

Given

that

we

detected

CCR7-containing

compartments in the steady-state of CCR7-GFP transfectants, which were absent in CCR77K7R-GFP expressing cells, we were interested if one function of this constitutive receptor
ubiquitylation becomes manifested in the regulation of the steady-state receptor expression
via ligand-independent trafficking followed by lysosomal degradation of CCR7. However,
under basal, chemokine-free conditions, we detected neither CCR7-GFP nor CCR7-7K7RGFP in lysosomal compartments (Figure 8). Together with the fact that we detected several
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CCR7-positiv structures localised within early endosomes, we assume that one role of the
constitutive receptor ubiquitylation is to control the steady-state CCR7 surface expression
profile. This would also explain the slightly increased surface expression of ubiquitylationdeficient CCR7 in 300-19 cells. We further investigated colocalisation with Lamp1 of both
CCR7 variants after ligand stimulation. As depicted in Figure 8, we did not observe CCR7
receptors after CCL19 treatment in lysosomes suggesting that CCR7 is not degraded in
lysosomes after ligand stimulation.

Figure 8. Ubiquitylation of CCR7 is not a sorting signal to lysosomes.
CCR7-GFP or CCR7-7K7R-GFP 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. Images
are representative of many cells examined in three separate experiments.

CCR7 recycling via the trans-Golgi network requires receptor ubiquitylation
So far, our findings point to a role of ubiquitylation in the recycling of CCR7. Studies, which
investigated the fate of transmembrane receptors after initial internalisation, highlight
different retrograde trafficking possibilities and several putative accumulation sites, including
the sorting endosomes, the endosomal recycling compartment (ERC) and the Golgi
apparatus (68, 69). In our previous study we demonstrated colocalisation of CCR7 with
transferrin receptor, indicating recycling via the ERC (98). As depicted in Figure 7 & 8,
internalised CCR7 seems to pass the perinuclear region on the way to the plasma
membrane, whereas the lysineless CCR7 variant accumulated within this perinuclear region.
In order to addresses whether endocytosed CCR7 passes the Golgi compartment on its
route back to the plasma membrane and whether these compartments represent sites of
CCR7-7K7R accumulation, we carried out a series of colocalisation experiments using a
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GIANTIN-specific antibody as marker for the Golgi-apparatus and a TGN46-specific antibody
to stain the trans-Golgi compartment.

Figure 9. Lack of ubiquitylation leads to CCR7 retention in the trans-Golgi compartment.
HEK293-CCR7-GFP and CCR7-7K7R-GFP cells were incubated for 30 minutes with CCL19 to allow receptor internalisation
and, where indicated, washed to remove residual CCL19 and incubated in media for one or two hours, 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.

As shown in Figure 9, CCR7-GFP partially colocalised with TGN46 after CCL19 triggering
and subsequent recycling. This colocalization decreases after increasing incubation times in
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the absence of chemokine, indicating that sequestered receptors recycle back to the plasma
membrane and away from the trans-Golgi compartment. Essentially no colocalisation
between CCR7-GFP and GIANTIN was observed at any time point during endocytosis and
recycling. In contrast, CCR7-7K7R-GFP profoundly colocalised with the trans-Golgi marker
TGN46 one hour after ligand removal and the intensity of colocalisation remained high even
after two hours post chemokine deprivation (Figure 9). Furthermore, we observed a slight
overlap in the fluorescence of the internalised ubiquitylation-deficient CCR7 mutant and
GIANTIN, implicating that CCR7-7K7R is trapped within the Golgi region after internalisation.
The lack of existing receptor-containing recycling-compartments in the case of the
ubiquitylation-deficient CCR7 mutant two hours after ligand treatment additionally strengthen
the assumption that ubiquitylation is necessary for the anterograde trafficking of CCR7 away
from the trans-Golgi network back towards the plasma membrane.
In summary, these findings reveal two novel roles for chemokine receptor ubiquitylation, first,
in regulating ligand-independent basal receptor trafficking, and second, in the sorting
decision within the trans-Golgi compartment permitting proper recycling of a ligand-induced
internalised transmembrane G-protein-coupled receptor.
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Discussion
Ubiquitylation of transmembrane receptors is known as a signal for receptor internalisation
and lysosomal sorting. In this study, we identified a novel function for receptor ubiquitylation
in the regulation of the recycling process of the chemokine receptor CCR7. We show that
receptor ubiquitylation takes place under basal, ligand-independent conditions and functions
as an essential signal for the retrograde trafficking of the internalised G-protein-coupled
receptor. Furthermore, we provide evidence that the constitutive trafficking of the chemokine
receptor CCR7 is positively affected by its ubiquitylation.
The pattern of receptor modification by ubiquitin is very diverse. Monoubiquitylation and
multiubiquitylation of transmembrane receptors has been reported to control sorting
processes of receptors into vesicles at different stages on the endocytic pathway (65, 160162). Polyubiquitylation of transmembrane receptors has predominantly been linked to
receptor degradation, but has also been reported to play a role in the internalisation and
sorting of cargo proteins. Thereby several linkages between ubiquitins are possible (143).
K48-ubiquitin linkage is mainly used for targeting of the receptor to the degradative,
proteasomal pathway, whereas K63-ubiquitin linkage has diverse functions - among these in
receptor internalisation (161, 163). We observed several ubiquitin-conjugated CCR7 forms
with

different

molecular

weight,

starting

at

~50kDa,

indicating

either

poly-

or

multiubiquitylation of CCR7 (Figure 1). Furthermore we determined an enhanced association
of the K48R-ubiquitin mutant with CCR7 compared to wildtype ubiquitin or K63R-ubiquitin
(Figure 1C), implying that CCR7 is not poly-K48-ubiquitylated. Of note, CCR7 ubiquitylation
is constitutive and occurs in the absence of ligands. Chemokine triggering of CCR7 led to an
only marginal change in the ubiquitylation pattern. Currently, several transmembrane
receptors are known to be ubiquitylated in a constitutive manner, however the function of this
basal receptor modification is not completely understood and seems to be quite
heterogeneous. In the majority of cases, basal ubiquitylation is linked to the positive
regulation of constitutive receptor endocytosis and degradation (164, 165). Instead,
ubiquitylation of the protease-activated receptor-1 was shown to have a negative regulatory
function in constitutive receptor internalisation, as well as in specifying a distinct clathrin
adaptor requirement for activated receptor endocytosis (166). Moreover, basal receptor
ubiquitylation of platelet-activating receptor was reported, but the role of ubiquitylation in
receptor internalisation was not determined (167). Our study suggests that constitutive
ubiquitylation of CCR7 has two different functions: On the one hand it is important for the
basal trafficking of the receptor in a ligand-free environment. On the other hand,
ubiquitylation of CCR7 controls recycling of the receptor after agonist-induced internalisation.
In the context of constitutive CCR7 trafficking, we found marginal but sustained CCR7-
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containing vesicle-like structures in the absence of a receptor trigger, which were absent in
the ubiquitylation-deficient CCR7 mutant. Most of these constitutively internalised receptors
localised in early endosomal compartment and were absent in lysosomes. Our results reveal
an influence on the overall CCR7 surface expression level by the ubiquitylation status of the
receptor under basal conditions.
So far, ubiquitylation of chemokine receptors has exclusively been reported for CXCR4 (65).
Agonist-induced CXCR4 ubiquitylation was important for lysosomal sorting and degradation,
but was not involved in receptor internalisation. Chemokine stimulated CXCR4 was
ubiquitylated by the E3-ligase AIP4 facilitating trafficking to endosomes where the receptor
localized within the hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs)positive regions (149). Furthermore the authors suggested that CXCR4 was sorted by the
conserved ESCRT (endosomal sorting complex required for transport) machinery. Therefore
CXCR4 ubiquitylation by AIP4 and the availability of Hrs played a crucial role in efficient
lysosomal receptor degradation (149). In contrast, we found no evidence for agonistmediated lysosomal degradation of CCR7 (98), neither for CCR7 nor for its ubiquitylationdeficient mutant (Figure 8).
Commonly, chemokine receptor internalisation is associated with receptor desensitisation,
which is associated with cessation of chemokine signalling (139). Recently however, it is
becoming apparent that also sequestered transmembrane receptors can transmit signals
from intracellular compartments and thus might influence cellular functions. For instance,
blockade of EGFR internalisation led to a reduced activity of ERK-1/2 and the p85 subunit of
PI3-K (168). A reduced MAPK activation was also noted for the plasma membrane resident
ß2-adrenergic receptor (169). Taking this into consideration, receptor ubiquitylation could
influence receptor signalling by modulating the strength and duration of the signal, due to its
ability to direct the subcellular localization of receptors. To exhibit the influence of receptor
ubiquitylation on early signalling responses after CCR7 triggering, we investigated the
activation of ERK-1/2. In fact, we detected a more sustained phosphorylation of ERK-1/2 in
the ubiquitylation-deficient CCR7 compared to the wildtype receptor upon chemokine
triggering (Figure 4), which was most prominent at low chemokine concentrations. Whereas
internalised CXCR4 becomes degraded, several other chemokine receptors undergo
recycling after agonist-mediated internalisation (63, 69). However, studies investigating the
fate of the mechanism that control the post-endocytic recycling pathways are rare. Usually
receptor-ligand complexes, which are internalised via clathrin-dependent or independent
mechanisms, are transported to the early endosome, a sorting station where the mild acidic
environment leads to the dissociation of the ligand from the receptor. The early endosomal
sorting process is mainly mediated by a distinct subset of Ras-associated binding (Rab)
proteins (170) In particular there are two different recycling pathways described – a rapid
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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 Rab11 (69, 170).
CCR7 was previously shown to be internalised in a G-protein-independent, ß-arrestindependent manner via clathrin coated-pits and further colocalises with the transferrin
receptor after ligand stimulation (3, 98, 126). In this study we show, that internalised CCR7
recycles via early endosomes through the trans-Golgi compartment to the plasma membrane
(Figure 7). After initial localisation in the early endosomal compartment, CCR7 colocalised
with markers of the trans-Golgi compartment within the perinuclear region. This data show
for the first time that CCR7 takes the recycling route via the TGN to the plasma membrane.
Similar findings were recently reported for the chemokine receptor CCR5 (171).
Studying an ubiquitylation-deficient mutant of CCR7, we identified a so far unknown function
for receptor ubiquitylation in mediating the sorting of internalised receptors to the plasma
membrane at the level of the trans-Golgi compartment. Currently there are only a few
components known, which might play a role in the recycling processes via the TGN. 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 TGN (172, 173). However, there might
be several different routes from the endosomal system to the TGN, making this process
more complex (174). Components that are important for the sorting process at the TGN are
not well defined. Recently, the GGA proteins, a novel family of proteins facilitating specific
membrane trafficking events at the trans-Golgi network, were discovered (175-178). So far it
is known, that GGA proteins have several interaction partners, among these are coat
proteins, like clathrin and ARF proteins (179, 180). Additionally, GGA proteins can interact
with a defined subset of sorting receptors that traffic between TGN and lysosomes (181,
182). In mammalian cells, the expression level of GGA proteins strongly influenced the
localization of the coat proteins AP-1 and clathrin (177, 179). Furthermore it was reported
that overexpression of specific GGA proteins led to a dramatic shift in localization of M6PR
and TGN38 from the TGN to the plasma membrane, suggesting a role for GGA proteins in
stimulating exit from the TGN (178). Scott and colleagues reported on a novel aspect of GGA
proteins, functioning as ubiquitin sorting receptors at the TGN (183). A recent report by Lamb
et. al., describes a role for ubiquitin in the trafficking of insulin-regulated glucose transporter
GLUT4 from the endosomal/TGN system into its intracellular storage compartment, from
where it is mobilized to the cell surface in response to insulin (184). Whether the GGA
protein family is also implicated in the regulation of chemokine receptor trafficking is currently
not known.
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In summary, the present study reveals a constitutive polyubiquitylation pattern of the
chemokine receptor CCR7, which is not altered after ligand engagement. We demonstrate
that this receptor modification is important for two different aspects of CCR7 trafficking. On
the one hand we observed a lack of constitutive receptor trafficking in the absence of
receptor ubiquitylation. Strikingly on the other hand, we provide clear evidence that receptor
ubiquitylation regulates the exit from the TGN after ligand-mediated internalisation of the
chemokine receptor CCR7. In fact, an ubiquitylation-deficient mutant of CCR7 accumulated
at the TGN upon ligand-induced internalisation. Additionally, we provide for the first time
evidence that internalized CCR7 recycles via the TGN back to the plasma membrane.
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Materials and methods
Reagents
The chemokines hCCL19 and hCCL21 were purchased from PeproTech. Antibodies were
obtained from the following sources: rat anti-human CCR7 (clone 3D12, BD); monoclonal
anti-HA-HRP (clone HA7) and anti-Flag-HRP (clone M2) (both from Sigma-Aldrich); antiphospho-p44/42 MAPK (pERK-1/2, Thr202/Tyr204, clone E10) and anti-p44/42 MAPK (ERK1/2, clone 3A7) (both from Cell Signaling Technology), anti-ubiquitin mAb (clone FK2, Enzo
Life Sciences), anti-TGN46 (Abcam), anti-early endosomal antigen-1 (EEA1) (BD), Alexa
Fluor 568 goat anti-rabbit IgG (Invitrogen), Cy3 goat anti-mouse IgG (Jackson
ImmunoResearch). Streptavidin-PE was purchased from Sigma-Aldrich.
Cell Lines and Transfection
Human epithelial kidney 293 (HEK293) cells were grown and maintained in Dulbecco’s
modified Eagle’s medium (Lonza) containing 10% FCS. Murine 300-19 pre-B cells (159)
were grown in RPMI1640 (Lonza) supplemented with 10% FCS, 50μM β-mercaptoethanol
and 2mM 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 1mg/ml G418 following a single cell sorting using a
FACSAriaIIu (BD).
Construction of expression plasmids
Cloning of pcDNA3-CCR7-HA and pcDNA3-CCR7-GFP has been described previously (98).
The lysine-less 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’-ATAGAATTCCGTCATGGACCTGGGGAAAC, restriction site italic) and the
primer 3K3Ras (5’-CAGGTCCCTGAAGAGCCTGAAGAGATCGTTGCGGAACCTGACGCC,
mutated sites underlined). A second PCR was performed using the primers 3K3Rse (5’GGCGTCAGGTTCCGCAACGATCTCTTCAGGCTCTTCAGGGACCTG,

mutated

sites

underlined) and CCR7as (5’-TATGCGGCCGCTGGGGAGAAGGTGGTG, 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

TATTTCAGGAGGCTCAGGACCATG)

following
and

primer

pairs:

CCR7-7K7Rse1

CCR7-7K7Ras1

(5’(5’-

CATGGTCCTGAGCCTCCTGAAATA, mutated sites underlined), and CCR7-7K7Rse2 (5’-
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CGCAACAGGGCCATCAGGGTGATC)

and

CCR7-7K7Ras2

(5’-

GATCACCCTGATGGCCCTGTTGCG, 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
Mutagenesis

Kit

were

generated

using

(Stratagene)

and

the

QuikChange
the

GATCTTTGCCGGTAGGCAGCTCGAGGACG)
GATTACAACATTCAGAGGGAGTCGACCTTACATCTTG

Multi

primers

and
(mutated

Site-Directed
K48R

K63R
sites

(5’(5’-

underlined).

pCMV10-3xFlag-ubiquitin served as template.
Flow cytometry based receptor endocytosis/recycling assay
CCR7 expressing 300-19 or HEK293 transfectants, respectively, were stimulated with 2μg/ml
CCL19 for 30 minutes 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 indicated 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 analysed by flow
cytometry (LSRII, BD). Bar graphs were generated using the median value of fluorescence
intensity for calculation. Median values of untreated cells served as reference.
Migration assay
Cell migration was assessed employing a 24-well TranswellTM System (Corning Costar).
1x105 300-19 cells stably expressing either CCR7-HA or CCR7-7K7R-HA were transferred to
a 5µm-pore size filter of a TranswellTM plate and allowed to migrate over 3 hours to the lower
compartment, which contained indicated amounts of chemokine. Numbers of migrated cells
were assessed using flow cytometry analysis. Number of cells migrating spontaneously
without a chemokine trigger, were subtracted.
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 30min 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 20min 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 HApeptide. 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

Chapter 2

39

nitrocellulose membrane using a wet blot system. Membranes were blocked for 1 hour and
incubated with HRP-coupled HA or Flag antibody for 2 hours at room temperature and
tagged proteins were detected using enhanced chemiluminescence (Pierce).
Analysis of chemokine mediated ERK-1/2 phosphorylation
1x106 of HEK293 cells expressing either CCR7-HA or CCR7-7K7R-HA were stimulated with
100ng/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-Gel and western blot analysis
was performed using pERK-1/2 and ERK-1/2 antibodies for detection.
Immunofluorescence confocal microscopy
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 2µg/ml CCL19 for 30min at 37°C,
washed carefully with cold PBS and fixed with 4% paraformaldehyd. To block reactive
aldehyde groups, coverslips were incubated with 50mM NH4Cl for 10 minutes at 4°C. Cells
were permeabilised with 0,2% Triton in PBS for 5 minutes at room temperature. After a
further 30 minutes blocking step with 3% BSA/PBS the microscopic preparations were
incubated with the indicated antibodies over night at 4°C or 1 hour at room temperature.
Following intense washing with PBS the secondary antibody was added. Afterwards
coverslips were mounted in VECTASHIELD® or polyvinyl alcohol Mounting Media and
analyzed by confocal imaging using a Zeiss LSM 510 Meta confocal microscope. Images
were generated using pinhole size corresponding to 1µm layers for each channel. Contrast
and brightness of pictures were simultaneously adjusted with Adobe Photoshop CS2.
siRNA experiments
For siRNA knockdown experiments HEK293 CCR7-HA cells were transfected using the XtremeGENE siRNA Transfection Reagent (Roche) and a mixture of four different siRNAs
against either hNEDD4 (Hs_NEDD4_3, Hs_NEDD4_4, Hs_NEDD4_7, Hs_NEDD4_8,
Qiagen), hNEDD4-L (Hs_NEDD4L_3, Hs_NEDD4L_5, Hs_NEDD4L_6, Hs_NEDD4L_10,
Qiagen), hAIP-4 (Hs_ITCH_1, Hs_ITCH_3, Hs_ITCH_5, Hs_ITCH_6, Qiagen) or hCbl-b
(Hs_CBLB_1, Hs_CBLB_2, Hs_CBLB_3Hs_CBLB_5, Qiagen) or control siRNA (AllStars
Negative Control siRNA , Qiagen ). At day 1 after siRNA transfection, cells were additionally
transfected with 3xFlag ubiquitin. At day 2, cells were harvested and samples were splitted to
either prepare lysates or to isolate mRNA to determine the knock-down efficiency.

Chapter 2

40

mRNA isolation and quantitative real-time-PCR
Cells were harvested in RLT buffer, containing 1% ß-Mercaptoethanol. mRNA was isolated
using a RNA isolation kit (RNeasy Mini Kit, Qiagen) following the manufactures instructions.
Next, 1µg mRNA was transcribed into cDNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Equal amounts of cDNA was 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).
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Abstract
The chemokine receptor CCR7, together with its ligands CCL19 and CCL21, is responsible
for the correct homing and trafficking of dendritic cells and lymphocytes to secondary
lymphoid tissues. Moreover, cancer cells can utilize CCR7 to metastasize to draining lymph
nodes. However, information on CCR7 signalling leading to cell migration or receptor
trafficking is sparse. Using novel CCR7 deletion mutants with successive truncations of the
intracellular C-terminus and a mutant with impaired G-protein coupling, we identified distinct
motifs responsible for various aspects of CCR7 signal transduction. Deleting a Ser/Thr motif
at the tip of the intracellular tail of CCR7 resulted in an impaired chemokine-mediated
activation of Erk-1/2 kinases. Interestingly, deleting an additional adjacent motif restored the
ability of CCL19-mediated Erk-1/2 phosphorylation, suggesting the presence of a regulatory
motif. Both the Ser/Thr and the regulatory motif are dispensable for signalling events leading
to cell migration and receptor trafficking. A CCR7 mutant lacking virtually the complete Cterminus readily bound CCL19 and was internalized, but was unable to activate the G-protein
and to transmit signals required for cell migration, mobilization of [Ca2+]i and Erk-1/2
activation. Finally, G-protein coupling was critical for [Ca2+]i mobilization, Erk-1/2
phosphorylation and chemotaxis, but not for CCR7 trafficking.
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Introduction
Chemokine receptors are seven-transmembrane-domain G-protein-coupled receptors
(GPCRs) that are widely expressed on many cell types of the body and responsible for
guiding migrating cells along a chemokine gradient. A highly regulated network of chemokine
receptors and chemokines is responsible for directing inflammatory and homeostatic cell
trafficking (25). Homing of antigen-bearing dendritic cells to secondary lymphoid organs for
instance, depends on the chemokine receptor CCR7. In the T-cell zone of lymphoid organs,
where the two ligands of CCR7, CCL19/ELC and CCL21/SLC are expressed (119), incoming
dendritic cells present their peptide antigens to naive T cells, thereby inducing an immune
response. In addition to its expression on mature dendritic cells, CCR7 is also expressed on
subpopulations of T cells, B cells, NK cells and thymocytes (185, 186). Homing of dendritic
cells and naive T cells is strongly affected by the lack of either CCR7 or its ligands, and
consequently results in a defect in initiating primary immune responses (72, 82, 119, 132).
Moreover, CCR7 is also expressed in breast, gastric, non-small-cell lung, and oesophageal
squamous cancer, as well as in chronic lymphocytic leukemia (reviewed by (187, 188).
CCR7-expressing cancer cells respond to CCL19 and CCL21 and metastasize to the
draining lymph nodes and the lung (75). Consequently, understanding how chemokine
receptors transmit signals resulting in cell migration and identifying ways of modulating
chemotaxis or receptor silencing is of interest for future therapeutic strategies.
Chemokine receptor signalling is initiated by activation of the Bordetella pertussis toxinsensitive Gi family of heterotrimeric G proteins (189). Chemokine-bound receptors trigger the
Gα subunits to exchange GTP for GDP, leading to the dissociation of the Gα subunit from
the βγ heterodimer. Whereas the Gα subunit itself appears not to be required for chemotaxis,
the released Gβγ subunit transduces signals leading to cell locomotion (190). Gβγ activates
phospholipase Cβ (PLCβ) isoforms leading to the formation of inositol (1,4,5)-trisphosphate
and a transient rise in the concentration of intracellular free calcium. Gβγ also activates
phosphoinositide-3-kinases (PI3Ks) and downstream pleckstrin-homology-domain-containing
proteins, such as protein kinase B (PKB)/Akt or guanine-nucleotide exchange factors and
mitogen-activated protein kinases (MAPKs) (189, 191). Despite its well-characterized
biological function, CCR7 signalling has not yet been characterized in depth. So far, CCR7
triggering has been shown to induce receptor phosphorylation, ß-arrestin (official symbol
ARRB1) recruitment, phosphorylation of PKB and extracellular regulated kinases 1 and 2
(Erk1 and Erk2; official symbols MAPK3 and MAPK1) and to mobilize intracellular calcium
(97, 98, 100, 101, 112, 125, 192). Of note, despite similar CCR7 binding affinities, G-protein
activation and chemotactic properties of CCL19 and CCL21 (100), CCL19 induces stronger
receptor phosphorylation and ß-arrestin recruitment than CCL21 (125). Moreover, CCL19,
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unlike CCL21, induces rapid endocytosis of CCR7 (97, 98). We have shown recently, that
CCR7 is internalized through clathrin-coated pits together with CCL19 and transported to
early endosomes (98). Subsequently, CCR7 recycles back to the plasma membrane to
participate again in chemokine gradient sensing, whereas CCL19 is sorted to lysosomes for
degradation (98). The molecular mechanism underlying this observation has not yet been
elucidated.
Crucial motifs of chemokine receptors involved in migration and endocytosis have been
mapped to the intracellular loops and the C-terminus. For instance, the Asp-Arg-Tyr (DRY)
motif in the second intracellular loop is generally believed to be responsible for G-protein
activation. Whereas G-protein activation is essential for chemotaxis, it is still a matter of
debate whether and how G-protein activation is involved in GPCR endocytosis (193). For
GPCR internalization, two main consensus signals within the C-terminus have been
described (63, 194). A tyrosine-based (Yxxφ or NPxY) and a di-Leu/Ile-Leu/Leu-Ile motif have
been identified which interact with the clathrin adaptor protein AP2. The di-Leu motif is
essential for internalization and trafficking of many chemokine receptors, including CXCR2,
CXCR3, CXCR4 and CCR5 (reviewed by (63). However, CCR7 does not contain such
known endocytosis motifs and domains responsible for delivering different signals remain to
be identified.
In the present study we searched for distinct motifs within the chemokine receptor CCR7 that
regulate signal transduction, receptor trafficking, and cell migration. To this end, we
generated three C-terminal truncation mutants of CCR7, where the intracellular tail was
gradually removed. In addition, we also mutated the conserved DRY motif in the second
intracellular loop of the receptor. Using this strategy, we identified segregated motifs in CCR7
that are responsible for distinct aspects of CCR7 signal transduction, such as ligand induced
mobilization of intracellular calcium, Erk phosphorylation, cell migration and receptor
trafficking.
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Results
CCR7 and its mutants are expressed to a similar degree at the plasma membrane
In order to identify distinct motifs within the chemokine receptor CCR7 that regulate signal
transduction, receptor trafficking, and cell migration, we generated three truncation mutants
of CCR7 lacking parts or the entire C-terminal tail and a mutant with a modified DRY motif in
the second intracellular loop of the receptor (Figure 1A). The cytoplasmic C-terminal part of
CCR7 was defined in accordance with the TOPO_DOM prediction by the UniProtKB/SwissProt (www.expasy.org/uniprot) entry for human CCR7 (accession number P32248). In the
mutant MT1 (residues 1-334), all except the three most proximal amino acids of the predicted
C-terminal tail were removed, and Lys was replaced by Arg to prevent a putative modification
by ubiquitin. The last 34 amino acids were removed in the MT2 (residues 1-345) mutant,
whereas in MT3 (residues 1-355) only the last 24 amino acids were deleted (Figure 1A).
Within these last 24 amino acids of CCR7 (residues 365-378), threonine and serine clusters
were reported to be phosphorylated after ligand binding (125), indicating a possible role in
receptor signalling and/or trafficking for these amino acids.

Figure 1. CCR7 C-terminal deletion mutants reach the plasma membrane.
(A) Scheme of CCR7 and its C-terminal deletion mutants. The cytoplasmic C-terminus of CCR7 depicted is based on the
prediction by Swiss-Prot (Swiss Institute of Bioinformatics, Basel, Switzerland). Amino acids according to accession number
P32248 are indicated. MT1 to MT3 represent C-terminal truncation mutants of CCR7. In the case of MT1, a Lys was replaced by
Arg. Potential phosphorylation sites (S, T) and potential ubiquitylation sites (K) are highlighted in bold. The conserved DRY motif
in the second intracellular loop was mutated to DNY by site-directed mutagenesis. (B) CCR7 and its C-terminal deletion mutants
are equally expressed at the plasma membrane. HEK293 cells stably expressing wild-type (wt) CCR7, MT1, MT2 or MT3 were
stained with a FITC-conjugated CCR7-specific antibody and cell surface expression was monitored by flow cytometry. Dashed
lines represent untransfected cells stained with the same antibody. FITC-labeled isotype control staining on transfected cells
revealed the same results. The experiment has been repeated twice yielding similar results.
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These three constructs were used to establish stable cloned cell lines in HEK293 cells and in
pre-B 300-19 cells that both do not express endogenous CCR7. Moreover, to analyze the
role of the highly conserved DRY motif of CCR7 (residues 153-155) with respect to receptor
trafficking and signalling we created a mutated CCR7 receptor where we replaced the DRY
sequence by DNY. This single mutation has been reported to disrupt the G-protein coupling
of the chemokine receptors CCR5 and CXCR4 (46, 47). The DNY construct was transfected
into 300-19 cells and stable cell clones were established. Cell surface staining of CCR7 with
a specific antibody was assessed by flow cytometry (Figure 1B and Figure 2) and confocal
microscopy (data not shown), which revealed that all CCR7 mutants are expressed at the
plasma membrane of stably transfected cell lines. In addition, we also quantified the ratio of
intracellular compared with extracellular protein by flow cytometry and found no difference
between wild-type CCR7 and its mutants (data not shown), indicating that all mutants were
not trapped within the ER or heavily misfolded. These results provide clear evidence that the
C-terminus of CCR7 is not required for proper insertion of the receptor into the plasma
membrane.

Figure 2. CCL19 binds equally to all CCR7 variants.
300-19 pre-B cells stably transfected with wild-type CCR7 or the CCR7 mutants were incubated with monobiotinylated CCL19
(1µg/ml) for 20 minutes at 4ºC. CCR7-bound CCL19-biotin was then detected with streptavidin-FITC and monitored by flow
cytometry (upper panel). CCR7 cell surface staining was performed with a FITC-labeled CCR7 specific antibody (lower panel).
Dashed lines represent untransfected cells stained with the same antibody. FITC-labeled isotype control staining on transfected
cells revealed the same results. Results are representative of two experiments.

CCR7 and its mutants equally bind its ligand CCL19
To investigate, whether all four CCR7 mutants are able to interact with their ligand, we
performed a binding assay with CCL19. Therefore, 300-19 cells stably transfected with wildtype receptor or the CCR7 mutants were incubated with biotinylated CCL19 and FITClabeled streptavidin. In parallel, CCR7 surface expression was measured by flow cytometry
using a CCR7-specific antibody. As shown in Figure 2, all CCR7 mutants were able to bind
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CCL19, demonstrating that neither the C-terminal tail of the receptor nor the point mutation of
the DRY motif is required for chemokine binding.
The membrane proximal part of the C-terminal tail of CCR7 and the DRY motif are
crucial for cell migration
Next, we investigated whether motifs in the C-terminal tail of CCR7 or the DRY motif are
required for signalling leading to cell migration. To this end, we tested the chemotactic
abilities of 300-19 cells stably expressing CCR7 or mutants thereof in TranswellTM
chemotaxis assays. CCR7-expressing cells readily migrated in a dose-dependent manner in
response to both CCL19 and CCL21 as expected (Figure 3). Cells expressing truncated
CCR7 that lacks parts of the intracellular tail (MT2 and MT3), migrated towards CCL19 and
CCL21, comparable with 300-19 cells that express wild-type CCR7. This somewhat
unexpected finding indicates that the Ser/Thr containing motifs (Ser356-Ser357, Ser364Ser365 and Thr372-Thr373-Thr374-Thr375) at the end of the C-terminus, which were
postulated as putative targets for GRK-mediated phosphorylation (125), are not critical for
eliciting signals leading to cell migration. In marked contrast, MT1, which lacks the entire
intracellular tail, was unable to induce a chemotactic response to CCL19 and CCL21 (Figure
3). This points to an important role of the proximal part of the cytoplasmic CCR7 C-terminus
(residues 335-344) in signal transduction of chemotactic processes. As expected, 300-19
cells stably transfected with the DNY mutant were unable to migrate, confirming the key role
of G-protein coupling in the migration process (Figure 3).

Figure 3. The membrane proximal part of the
C-terminus and the DRY motif of CCR7 are
crucial for cell migration.
Chemotaxis of 300-19 cells stably transfected
with wild-type CCR7, MT1-3, or DNY mutants
was assessed in Transwell™ chemotaxis
assays. After 3 hours of incubation at 37°C, cells
migrated in response to graded concentrations of
CCL19 (A) or CCL21 (B) to the lower chamber
were collected and counted by flow cytometry.
Mean values ± s.d. of three independent
experiments are depicted as percentage of input
cells.
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Chemokine-mediated mobilization of intracellular calcium depends on the membrane
proximal part of the C terminus and the DRY motif of CCR7
The mobilization of intracellular calcium is an early event after chemokine binding to its
receptors. To examine whether CCR7 mutants are able to release Ca2+ from intracellular
stores upon ligand binding, cells were loaded with Fluo-3/AM and chemokine-mediated
[Ca2+]i changes were monitored by flow cytometry. MT2 and MT3 both mobilized Ca2+ in
response to CCL19 and CCL21 at levels comparable with wild-type CCR7 (Figure 4). By
contrast, CCL19 and CCL21 were unable to induce changes in [Ca2+]i in cells expressing the
CCR7 mutants MT1 and DNY (Figure 4). All cell lines responded to ionomycin, indicating
comparable dye loading of the cells (Figure 4). Similarly to their role in cell migration, the
DRY motif and residues 335-345 of CCR7 are indispensable for calcium signalling.

Figure 4. The CCR7 mutants MT1 and DNY are unable to mobilize intracellular free Ca2+ upon chemokine
binding.
The parental murine pre-B cell line 300-19 or cells stably expressing CCR7, or the CCR7 mutants MT1, MT2, MT3 or DNY were
loaded with Fluo-3/AM and stimulated with 1μg/ml CCL19 or CCL21, and chemokine-mediated changes in fluorescence due to
mobilization of intracellular calcium were recorded over time by flow cytometry. As a control, cells were also stimulated with
20ng/ml of ionomycin. A representative experiment out of three is shown.
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Chemokine-mediated triggering of the CCR7 mutants MT1 and DNY does not lead to
Erk-1/2 activation
Signal transduction by chemokine receptors also results in a transient activation of the
MAPKs Erk1 and Erk2. Thus, we stimulated HEK293-CCR7 transfectants with CCL19 for 5
minutes and analyzed the phosphorylation of Erk-1/2 by western blot analysis using an
antibody recognizing phosphorylation at positions T202 and Y204. As shown in Figure 5A,
activation of Erk-1/2 after CCL19 stimulation was readily detected in wild-type CCR7 and
MT2 transfectants. Surprisingly, triggering of MT3 led only to a weak, but reproducible,
activation of Erk-1/2 (Figure 5A). The CCR7 mutant lacking the entire intracellular tail (MT1),
however, was unable to induce Erk-1/2 phosphorylation upon ligand binding.
To address whether Erk-1/2 phosphorylation after CCR7 activation is dependent on Gprotein signalling, we incubated HEK293 cells stably expressing wild-type CCR7 with
Bordetella pertussis toxin (PTx), which ADP-ribosylates the α subunit of Gi proteins and thus
blocks their inhibitory function on adenylyl cyclase. As shown in Figure 5B, CCL19-induced
Erk-1/2 activation was inhibited by PTx, indicating that G-protein coupling is required for this
process. This was confirmed in the DNY mutant, which also failed to induce Erk-1/2
activation (Figure 5C).

Figure 5. Erk-1/2 phosphorylation is
sensitive to B. pertussis toxin and is
not achieved by triggering the CCR7
mutants MT1 and DNY.
(A) MT1 triggering by CCL19 does not lead to
Erk-1/2 phosphorylation. HEK293 cells stably
expressing
CCR7
or
the
C-terminal
truncations MT1-MT3 were incubated with 2
µg/ml CCL19 for 5 minutes. Western blots
derived from total cell lysates were probed
with a monoclonal antibody specific for
phosphorylated Erk-1/2 (pErk-1/2). The
nitrocellulose membrane was stripped and reprobed with a polyclonal anti-total Erk-2 (tErk2) antibody as a loading control. (B) PTx
treatment impairs CCR7 mediated Erk-1/2
activation. HEK293 cells stably transfected
with wild-type CCR7 were pretreated or not
with 100ng/ml PTx for 2 hours followed by
stimulation with 2µg/ml CCL19 for 5 minutes.
Erk-1/2 phosphorylation was analyzed by
western blotting as in (A). (C) DNY mutation
abolishes
chemokine-mediated
Erk-1/2
activation. 300-19 cells stably expressing wildtype CCR7 and the DNY mutant were left
untreated or incubated with 2µg/ml CCL19 for
5 minutes and Erk-1/2 phosphorylation was
analyzed as above. One out of at least three
experiments with similar results is shown.
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The CCR7 C-terminus and the DRY motif are required for G-protein coupling
To determine whether the CCR7 mutants couple to G proteins, membrane preparations of
300-19 cell lines stably expressing wild-type CCR7 or mutants thereof were stimulated with
CCL19 and the GDP-GTP exchange determined by a GTPγS assay. As expected, the DNY
mutant was unable to activate G proteins whereas wild-type CCR7 let to a significant CCL19dependent GTPγS binding (Figure 6). Similarly, both MT2 and MT3 also stimulated GTPγS
binding in a ligand-dependent manner. Again, CCL19 binding to MT1 did not lead to Gprotein activation. Comparable results were obtained with HEK293 transfectants (data not
shown). Interestingly, in both cell lines, G-protein binding of MT2 was slightly more efficient
than of MT3, which might suggest that the amino acids situated between positions 345–355
could act as a putative repression signal. This result fits nicely with the more efficient
chemokine-mediated Erk-1/2 activation by MT2 compared with MT3.

Figure 6. The membrane proximal part of the C-terminus
and the DRY motif of CCR7 are crucial for G-protein
activation.
Membranes of 300-19 cells stably transfected with expression
constructs for CCR7 or one of the four receptor mutants were prepared
35
and binding of [ S]GTPγS was assessed in response to stimulation with
35
CCL19 (5µg/ml). Results are expressed as fold over basal [ S]GTPγS
binding in the absence of chemokine. Values represent the mean ±
s.e.m. of three experiments.

The intracellular tail and G-protein activation are dispensable for CCR7 trafficking
Finally, we investigated whether G-protein activation and the membrane proximal part of the
C-terminus of CCR7 are also required for receptor trafficking. To this end, 300-19 cells stably
expressing CCR7 deletion mutants were incubated with CCL19 for 30 minutes at 37°C
followed by determining cell surface expression of CCR7 with a specific antibody.
Surprisingly, triggering of CCL19 provoked receptor endocytosis of all CCR7 C-terminal
deletion mutants (Figure 7A). Next, we measured recycling of internalized CCR7 back to the
plasma membrane. For this, CCR7 transfectants were stimulated for 30 minutes with CCL19,
washed extensively to remove unbound CCL19 followed by incubation for 1 hour in the
absence of chemokines to permit receptor recycling. CCR7 recycling was comparable
between wild-type CCR7 and the C-terminal deletion mutants (Figure 7A), providing clear
evidence that motifs within the intracellular tail of CCR7 are dispensable for CCR7 trafficking.
Although CCL21 induces only marginal CCR7 endocytosis (97, 98), we found no differences
in endocytosis between CCR7 and its deletion mutants upon CCL21 triggering (data not
shown). Moreover, similar results were obtained when CCR7 mutants were expressed in
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300-19 and HEK293 cells (data not shown). To address whether endocytosis and recycling
of CCR7 depend on G-protein activation, we incubated 300-19 cells expressing wild-type
CCR7 with PTx. Gαi inhibition influenced neither CCL19-induced CCR7 internalization nor
recycling (Figure 7B). Studies on the DNY mutant confirmed that CCR7 internalization and
recycling were independent of G-protein activation (Figure 7C).

Figure 7. Endocytosis and recycling do not require motifs in the C-terminal tail of CCR7 and are
independent of G-protein activation.
(A) Removing the entire C-terminus of CCR7 does not abolish chemokine-mediated receptor trafficking. 300-19 cells stably
expressing wild-type CCR7 or C-terminal truncation mutants were stimulated with 2 μg/ml CCL19 or medium for 30 minutes
at 37°C, followed by detection of CCR7 surface expression by flow cytometry using a CCR7 antibody to determine
endocytosis (black bars). To analyze receptor recycling, chemokine-triggered cells were washed extensively to remove
unbound CCL19 and subsequently incubated for 1 hour in the absence of chemokines, permitting recycling of CCR7 back to
the plasma membrane (white bars). Relative CCR7 surface expression as a percentage of untreated cells is plotted. (B)
CCR7 trafficking is PTx insensitive. 300-19 CCR7 cells were pretreated or not with PTx for 2 hours, followed by stimulation
with CCL19. CCR7 internalization and recycling were determined by flow cytometry as described above. (C) The DRY motif is
dispensable for CCR7 trafficking. 300-19 cells stably expressing wild-type CCR7 or the DNY mutant were incubated with
2μg/ml CCL19 for 30 minutes for internalization assays. CCR7 endocytosis and recycling were assessed as outlined in (A).
Values represent the mean ± s.e.m. of three experiments.

Previous studies showed that phorbol esters, such as PMA, can downmodulate chemokine
receptors such as CXCR4 and CCR5 in the absence of ligands by receptor phosphorylation
through second messenger kinases (195, 196). Kohout and co-workers demonstrated that
the second messenger kinase PKC, but not PKA, induces CCR7 phosphorylation (125). To
investigate the role of PKC in CCR7 internalization, we stimulated 300-19 cells expressing
CCR7 with PMA for 30 minutes and determined cell surface expression of CCR7 by flow
cytometry. As depicted in Figure 8 PMA stimulation slightly mediated CCR7 downmodulation,
but was much less efficient than CCL19. Moreover, CCL19-mediated CCR7 endocytosis was
only marginally affected in cells pretreated with the PKC inhibitor bisindolylmaleimide (Bim)
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(Figure 8). Treating cells with Bim alone or Bim together with PMA did not diminish CCR7
expression. These data indicate that PKC is involved in CCR7 trafficking but seems to play a
minor role. Moreover, these results are in line with our finding that deleting the C-terminus of
CCR7 comprising putative PKC and PKA phosphorylation sites (SS356/7/SS364/5) slightly
affected CCL19-mediated internalization (Figure 7).

Figure 8. PKC plays only a minor role in CCR7
endocytosis.
300-19 CCR7 cells were pretreated or not with 10 µM of the
PKC inhibitor Bim for 30 minutes and stimulated with either
1µM PMA or 2µg/ml CCL19 for 30 minutes at 37°C as
indicated. Surface expression of CCR7 was then determined
by flow cytometry. Relative mean median fluorescence ±
s.e.m. of four experiments is shown

In conclusion, we identified distinct motifs within the intracellular domains of CCR7 that are
critical for at least two different signalling pathways. Receptor internalization and recycling do
not require G-protein coupling and are independent of motifs located within the C-terminus of
CCR7 (summarized in Table 1). By contrast, signal transduction triggered by CCR7 leading
to cell migration, changes in [Ca2+]i, and Erk-1/2 activation require both G-protein activation
and a motif within the intracellular tail of CCR7. In fact, we identified a novel motif within the
C-terminus juxtaposed to the seventh transmembrane domain of CCR7 that is critical for Gprotein activation, and hence cell migration. Moreover, we discovered that the tail of CCR7
might include a regulation motif located within residues 346-355, because CCR7 lacking the
tip of the tail (residues 356-378; MT3) has an impaired capacity to activate Erk-1/2, which is
restored if the adjacent amino acids (residues 346-355; MT2) are also deleted. Moreover, our
data indicate that Erk-1/2 phosphorylation is not mandatory for cell migration, because MT3
mediated normal cell migration in response to CCL19 but had little effect on Erk-1/2
phosphorylation.
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Discussion
The pivotal function of CCR7 in the migration of T lymphocytes and mature dendritic cells to
the T-cell zones of secondary lymphoid organs has been extensively characterized
throughout recent years, but the motifs required for migration and trafficking have barely
been investigated. In particular, the C-termini of chemokine receptors are poorly conserved
and may account for major differences in trafficking and the intracellular fates of chemokine
receptors (63). For some chemokine receptors, including CCR3 (197), CCR5 (198), CXCR1,
CXCR2 (199, 200), CXCR3 (201) and CXCR4 (202-204), successive deletions of the Cterminal cytoplasmic tails have been analyzed, but comparable information on CCR7 is
lacking. Considering that these receptors possess different internalization motifs and behave
differently upon deletional analysis, it is pertinent to identify motifs in CCR7 required for
endocytosis, signalling and migration through systematic truncation analysis. Kohout et al.
replaced five serine and four threonine residues with alanine in the distal C-terminal region of
CCR7 and showed that these point mutations strongly reduced CCL19-induced receptor
phosphorylation and Erk-1/2 activation (125). However, neither migration nor receptor
trafficking was analyzed in this study.
Here, we demonstrate that truncation of the C-terminal tail has no adverse effect on CCR7
cell surface expression, ligand binding or receptor trafficking. In fact, the CCR7 mutant MT1,
which lacks the whole C-terminal region, could easily reach the plasma membrane and
underwent endocytosis and recycling almost as efficiently as wild-type CCR7 (Figure 7). This
finding is remarkable because most chemokine receptors show impaired internalization when
their C-terminus is removed, as demonstrated for CCR3 (197), CXCR4 (204), CXCR3 (201),
CXCR1 and CXCR2 (199). Interestingly, the C-terminus of CXCR3, particularly the serine
clusters therein, was shown to be involved in CXCL9- and CXCL10-mediated receptor
internalization, whereas CXCL11-mediated CXCR3 endocytosis depends on a motif within
the third intracellular loop of the receptor (205). Serial C-terminal truncation of CCR5 resulted
in progressive loss of cell surface expression (206) or impaired ligand-induced internalization
(198). Despite the normal trafficking of MT1 in HEK293 and 300-19 cell transfectants, CCR7
lacking its whole C-terminus was not able to transmit signals leading to cell migration (Figure
3). A previous study showed that a cluster of Ser/Thr at the tip of the tail of CCR7 is
phosphorylated upon ligand binding, suggesting that this region may be important for CCR7
internalization (125). Our MT2 mutant lacks all possible phosphorylation sites of the Cterminus, whereas in MT3 the above-mentioned Ser/Thr motifs were deleted, leaving one
putative phosphorylation site (Ser348). CCL19-induced receptor endocytosis and recycling
occurred in both MT2 and MT3 expressing cells, and even in cells expressing the tailless
mutant MT1, providing clear evidence that the intracellular tail of CCR7 does not include
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major signalling motifs for receptor trafficking. Moreover, CCR7 trafficking does not require
G-protein coupling, as inhibiting G-protein activation by either PTx treatment or by the DRY
to DNY mutation, did not abrogate receptor internalization or recycling (Figure 7). In this
respect, CCR7 behaves like other chemokine receptors as CXCR3, CXCR4 and CCR5
internalization for instance does not depend on G-protein activation (46, 205, 207).
Noteworthy, deletion of the Ser/Thr motifs (MT3) at the C-terminus significantly impaired
chemokine-mediated Erk-1/2 activation (Figure 5). This finding is in agreement with the
previous observation that replacing Ser356-Ser357, Ser364-Ser365, Ser378 and Thr373Thr374-Thr375-Thr376 with Ala resulted in diminished Erk-1/2 phosphorylation (125).
Interestingly, this phenotype is completely recovered if another ten amino acids are deleted.
CCL19-induced Erk-1/2 phosphorylation is completely restored in the MT2 mutant, indicating
that residues 346-355 may contain a novel regulatory motif. Moreover, CCR7 signalling
mediated by MT2 and MT3 also suggests that Erk-1/2 activation is not required for migration
or for inducing changes in [Ca2+]i. The removal of potential phosphorylation sites within the Cterminus of CCR7 in the mutants MT2 and MT3 did not impair chemotaxis (Figure 3),
indicating that the Ser356-Ser357, Ser364-Ser365 and Thr372- Thr373-Thr374-Thr375
putative targets for GRK phosphorylation (125) are required for chemotactic signal
transduction.
Truncation of the C-terminus of CCR7 led to the discovery of other exciting findings. Deletion
of the entire C-terminus of CCR7 resulted in the loss of chemotactic activity (Figure 3).
Chemotaxis depends on the activation of G proteins and chemokine-mediated G-protein
activation is believed to exclusively depend on the highly conserved DRY motif within the
second intracellular loop. Indeed, modifying the DRY motif completely abolished CCL19mediated G-protein activation (Figure 6), cell migration (Figure 3), [Ca2+]i mobilization (Figure
4) and Erk-1/2 phosphorylation (Figure 5), but did not affect receptor trafficking (Figure 7). As
the impaired migration of MT1 is due to the inability to activate the G protein (Figure 6), it is
tempting to speculate that the C-terminus contains an additional unidentified second motif
critical for G-protein activation. This G-protein activation motif of CCR7 must be located
within residues 335-345 (sequence: NDIFKLFKDLG), because MT2 readily activated the G
protein upon chemokine binding. To our knowledge, such a G-protein activation motif located
in the C-terminus of a chemokine receptor has not been identified. However, removing the Cterminus of CXCR4 resulted in an even higher G-protein activation in response to CXCL12
compared with cells expressing wild-type CXCR4 (203).
So far, we have been unable to identify a motif responsible for CCR7 trafficking. We
demonstrate that neither G-protein coupling nor the intracellular tail contribute to CCR7
trafficking. Most commonly, tyrosine - or leucine-based internalization motifs can target
membrane receptors to clathrin-coated pits. The C-terminal tail of CXCR2, CXCR4, and
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CCR5 for instance contain di-Leu motifs (LLKIL, LKIL and LL, respectively) which are
determinants for receptor endocytosis upon ligand binding (198, 208, 209). The C-terminal
tail of CCR7 contains five leucine residues, but they are not arranged in pairs and hence do
not represent a bona fide internalization motif. Moreover, MT1 was efficiently endocytosed
upon ligand binding although none of these leucines was present (Figure 7). Ubiquitylation of
the C-terminus also seems not to be the main driving force for CCR7 endocytosis, because
in MT1 the remaining lysine was replaced by arginine. Thus, further studies on the
intracellular loops are required to identify the motif involved in CCR7 trafficking.
In summary, the present study reveals that endocytosis and recycling signals are not
contained within the C-terminus of CCR7, whereas signal transduction leading to cell
migration relies on a ten residue motif adjacent to the seventh transmembrane domain and
on G-protein activation. Deleting a Ser/Thr motif at the distal part of the tail of CCR7 resulted
in an impaired chemokine-mediated activation of Erk-1/2 kinases. Interestingly, deleting an
additional adjacent motif restored the ability of CCL19-mediated Erk-1/2 phosphorylation,
indicating the presence of a regulatory motif. Both the Ser/Thr motif and the regulatory motif
are dispensable for chemotactic signals. Moreover, we identified a motif in the C-terminus of
CCR7 juxtaposed to the plasma membrane that is critical for G-protein activation and cell
migration.
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Material and Methods
Antibodies and reagents
Antibodies were obtained from the following sources: FITC-coupled mouse anti-human
CCR7 (clone 150503; R&D Systems Inc., Minneapolis, MN), mouse anti-HA, (Sigma, Buchs,
Switzerland), streptavidin-FITC (Jackson ImmunoResearch Laboratories), phospho-Erk-1/2,
total Erk-2 (Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA), and HRP-conjugated
secondary anti-mouse and anti-rabbit antibodies (DAKO, Hamburg, Germany). Similar
results were obtained using rat anti-human CCR7 (clone 3D12, BD Biosciences PharMingen,
San Diego, CA) (data not shown). Recombinant human chemokines CCL19 and CCL21
were purchased from PromoCell (Heidelberg, Germany). Bordetella pertussis toxin was
purchased from Calbiochem (La Jolla, CA). Ionomycin, bisindolylmaleimide (Bim) and PMA
were from Sigma. [35S]GTPγS was from Amersham Biosciences (Little Chalfont,
Buckinghamshire, UK). Monobiotinylated CCL19 was from RMF Dictagene SA (Epalinges,
Switzerland).
Construction of expression plasmids
The cloning of pcDNA3-CCR7-HA has been described elsewhere (98). C-terminal deletion
mutants of CCR7, MT1 (aa 1-334), MT2 (aa 1-345), and MT3 (1-355) were generated by
PCR using full length CCR7 (aa 1-378) as template. PCR primers are as follows: CCR7MTse 5´-ATA AAG CTT CGT CAT GGA CCT GGG G-3´ (HindIII restriction site underlined),
CCR7-MT1as 5´-ATA GAA TTC CGC GGA ACC TGA CGC C-3´ (EcoRI restriction site
underlined), CCR7-MT2as (5´-ATA GAA TTC CGC CCA GGT CCT TGA AG-3´) and CCR7MT3as (5´-ATA GAA TTC CCC CAC TGC CGG AGC TG-3´). PCR fragments were cloned
into pcDNA3-HA, revealing C-terminal-tagged CCR7 mutants. In CCR7-MT1, a K332R
substitution was introduced. The CCR7-DNY mutant was generated by site-directed
mutagenesis using pcDNA3-CCR7-HA as template. Briefly, a first PCR was performed with
the primer CCR7se2 (5`-ATA GAA TTC CGT CAT GGA CCT GGG GAA AC-3´; EcoRI site
underlined) and the primer DRYas (5`- GGC CAC GTA GTT GTC AAT GCT GAT-3´;
modification underlined). A second PCR was performed with the primers DRYse (5`-ATC
AGC ATT GAC AAC TAC GTG GCC-3´; modification underlined) and CCR7as (5`- TAT
GCG GCC GCT GGG GAG AAG GTG GTG-3´; NotI site underlined). Then, both PCR
products were mixed and a third PCR was performed with the primers CCR7as and
CCR7se2 and the amplification product was cloned into pcDNA3-HA. HA-tagged CCR7
behaves like wild-type CCR7 in terms of chemotaxis, Erk activation, Calcium mobilization
and receptor trafficking (98).
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Cell lines and transfection
The human embryonic kidney cell line HEK293 was grown in DMEM (Invitrogen, Basel,
Switzerland) supplemented with 10% (v/v) fetal bovine serum. HEK293 cells were stably
transfected with FuGENE6 (Roche, Basel, Switzerland). Cell clones were established by
limiting dilution in the presence of 0.8mg/ml of G-418 (Invitrogen). The murine pre-B cell line
300-19 (100, 159) was grown in RPMI1640 (Invitrogen) with 10% (v/v) fetal bovine serum,
50µM β-mercaptoethanol and 2mM non-essential amino acids. Transfection was performed
by electroporation and stable cell lines were generated by limiting dilution as described (100,
159).
CCL19-bio binding assay
CCR7 transfected 300-19 cells were incubated with monobiotinylated CCL19 (1µg/ml) for 20
minutes at 4ºC. Cells were extensively washed with PBS, 2%FBS, 5mM EDTA and
incubated with streptavidin-FITC (1µg/ml) for 20 minutes, washed and fluorescence was
monitored by flow cytometry (FACScan II™ or LSR IITM) using CellQuest™ or FACSDivaTM
software (BD Biosciences). Data were analyzed with the FlowJo™ software (Tree Star Inc.,
San Carlos, CA).
Chemotaxis
Cell migration (1x105 cells in 100µl) in response to graded concentrations of CCL19 and
CCL21 was measured in 24-well TranswellTM chambers (Corning Costar, Cambridge, MA)
through a polycarbonate filter of 5µm pore size. After 3 hours of incubation at 37°C, a 600µl
aliquot of cells that migrated to the bottom chamber was counted by flow cytometry acquiring
events for a fixed time period of 60 seconds and the number of migrated cells were
expressed as percent of input cells.
Western Blotting
Cells (2x106) were lysed with 0.5ml of 1% Triton X-100 in 150mM NaCl, 50mM HEPES, 0.1M
EGTA, 2mM MgCl2 and 10% glycerol. Proteins from total cell lysates were resolved by SDSPAGE and transferred to Protran nitrocellulose membranes (Schleicher & Schuell, Dassel,
Germany). Membranes were blocked with PBS containing 5% low-fat dry milk and incubated
with Erk-specific antibodies overnight at 4°C (anti-phospho-Erk-1/2) or for one hour at RT
(anti-total Erk-2) on a rocking plate. After washing, HRP-conjugated secondary antibodies
were
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chemiluminescence

(Pierce/Socochim,
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Analysis of chemokine-mediated changes in intracellular free Ca2+ concentrations
Cells (106/ml in 145mM NaCl, 5mM KCl, 1mM Na2HPO4, 1mM MgCl2, 5mM glucose, 1mM
CaCl2, and 10mM HEPES, pH 7.5) were loaded with 1.5μl/ml of Fluo-3/AM (4 mM in DMSO)
for 30 minutes at 37°C. Samples were divided into 500µl aliquots and changes in intracellular
calcium concentrations in response to 1µg/ml of chemokines or 0.02µg/ml of ionomycin were
acquired by FACS analysis. Changes in the fluorescence of Fluo-3 were recorded by flow
cytometry for a period of 150 seconds.
CCR7 trafficking
To investigate receptor internalization, 300-19 transfectants in suspension (106/ml) or
HEK293 cells derived from a 90% confluent six-well-plate, respectively, were stimulated with
2 µg/ml chemokine or 1µM PMA for 30 minutes at 37°C. Where indicated, cells were
pretreated with 10µM Bim for 30 minutes at 37°C as described (195). Cell surface expression
of CCR7 after ligand-mediated endocytosis was measured by flow cytometry using a CCR7specific antibody. For recycling experiments, internalized receptor (2µg/ml of chemokine for
30 minutes at 37°C) was allowed to recycle back to the plasma membrane by washing off
unbound chemokines twice with warm PBS following incubation in chemokine-free medium
for 1 hour at 37°C. Surface expression of CCR7 was thereafter assessed by flow cytometry.
Pertussis toxin treatment
300-19 cells (106/ml) or HEK293 cells (one well of a six-well plate) expressing CCR7 were
preincubated with 100ng/ml of PTx for 2 hours at 37°C prior to the respective assay. PTx
was maintained in the medium throughout the experiments to ensure complete inhibition of
Gαi.
GTPγS binding assay
Cell transfectants (2x106/assay point) were washed twice with PBS and serum-starved for 3
hours. Membrane fractions were prepared from cells resuspended in 1ml of membrane buffer
(20mM HEPES, 6mM MgCl2, 1mM EGTA, pH 7.2) supplemented with protease inhibitors
(Roche), by incubation on ice for 10 minutes, and subsequent squeezing the cells six times
through a syringe (G25). The supernatant of a first, low-speed centrifugation step (500 g, 10
minutes, 4°C) was again spun down at a higher speed (20,000 g, 30 minutes, 4°C) and the
resulting membrane pellet was resuspended in GTPγS assay buffer (50mM HEPES, 100mM
NaCl, 10mM MgCl2, 1mM EGTA, 0.1% BSA, pH 7.2) supplemented with protease inhibitors.
GTPγS binding was assessed in the presence and absence of CCL19 (5µg/ml) by adding
[35S]GTPγS (0.5nM) and GDP (10µM, Sigma) to 200µg of membrane preparations. After 30
minutes at 37°C, each sample was sucked onto a GF/C filter (Whatman, Maidstone, UK).
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Filters were washed 4 times with washing buffer (50mM HEPES, 5mM MgCl2) and dried at
60°C. Scintillation fluid (rotiszinteco; Roth, Karlsruhe, Germany) was added and
scintillography performed with a Beckman LS 6000IC counter (Fullerton, CA).

Chapter 4

59

Chapter 4

Tyrosine residues within the first intracellular loop of CCR7
bear unexpected functions
Karin Schaeuble, and Daniel F. Legler

Abstract
Phosphorylation represents one of the most frequent agonist-induced posttranslationalmodifications of transmembrane receptors and is crucial for receptor function. The
chemokine receptor CCR7, which is essential for immune cell homing, has been shown to
become phosphorylated on C-terminal serine/threonine residues after ligand stimulation
causing ß-arrestin recruitment. Although these findings suggest a role for the C-terminal tail
in receptor sequestration, we showed that truncation of the C-terminus alone did not lead to
reduced receptor internalization. In this study, we generated several CCR7 mutants lacking
distinct putative phosphorylation sides (serine/threonine and tyrosine residues) within the
three intracellular domains in order to elucidate the function of these moieties for chemokinemediated cellular responses, including receptor internalization. We demonstrate that
replacement of single serine or threonine residues by alanine within the intracellular loops of
CCR7 could neither abrogate ligand-induced receptor internalization nor affect additional
chemokine mediated functions such as cell migration and ERK-1/2 activation. Strikingly, we
identified a crucial function for two tyrosine residues - Y83 and Y85 - within the first
intracellular loop of CCR7 in chemokine-induced G-protein activation and thus cell migration.
Collectively, this study revealed that serine/threonine clusters within the intracellular loops of
CCR7 are dispensable for ligand induced receptor internalization. Further, we found a novel
motif for G-protein activation within the first intracellular loop of CCR7, given by the two
tyrosine residues Y83 and Y85.
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Introduction
Chemokine receptors belong to the large family of G-protein coupled receptors and
represent, together with their ligands, the regulators of directed cell migration. Activation of
chemokine receptors leads to the onset of complex intracellular signalling cascades which
finally cause cell polarization followed by cell migration. Directional migration of various
subpopulations of T cells and antigen-presenting dendritic cells (DCs) to the lymph nodes is
required to provide immune surveillance and induce adaptive immunity. Homing of immune
cells is primarily mediated by the chemokine receptor CCR7 and its two ligands CCL19 and
CCL21 which are constitutively expressed within the T cell zone of lymph nodes (93). The
importance of this chemokine receptor was demonstrated in studies using mice deficient for
CCR7, showing that lack of CCR7 strongly affected immune cell homing and consequently
resulted in a defect in initiating primary immune responses (82, 210). Chemokine receptor
stimulation in general leads to coupling of G-proteins of the Bordetella pertussis toxinsensitive Gαi family, which subsequently causes adenylate cyclase inhibition (211). CCR7mediated activation of heterotrimeric Gαi-containing proteins has been shown to be essential
for T- lymphocyte migration (11, 55). Furthermore in dendritic cells CCR7 can also elicit Gαqprotein signal transduction, what does not occur in T cells (55). Besides coupling of
heterotrimeric G-proteins, direct interaction with scaffolding molecules appears to be
necessary to ensure the diversity of signal transduction of chemokine receptors (189). To
recruit scaffold proteins usually ligand induced posttranslational modifications of receptors
are required, especially receptor phosphorylation. Currently, a great number of different
techniques such as mass spectrometry, phosphopeptide mapping and phosphospecific
antibodies are used to determine specific intracellular phosphorylation sites of GPCRs (212).
The majority of receptor phospho-acceptor sites are serine/threonine-rich regions, but for
certain GPCRs also phosphorylation on tyrosine residues has been reported (213, 214).
Generally, receptor phosphorylation was found to occur mainly at the C-terminal tail or the
third intracellular loop and to a minor extent within regions of the first and second intracellular
loops (212). Based on the diversity of phosphorylation there are several kinases, including
GRKs, PKA and PKB, which are implicated in receptor phosphorylation. For chemokine
receptors mainly serine/threonine phosphorylation mediated by members of the GPCR
kinase (GRK) family has been reported, primarily upon ligand binding. This promotes the
recruitment and high affinity binding of the adaptor proteins AP-2 and ß-arrestin which
induces receptor sequestration and, in some cases, desensitization (63). A recent study,
which investigated phosphorylation of the chemokine receptor CXCR4, revealed that seven
serine residues are phosphorylated by GRK6 and PKC in response to ligand stimulation and
occurred with distinct kinetics and kinase specificity (215). Furthermore, they demonstrated
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that ligand-dependent, GRK-mediated CXCR4 phosphorylation had distinct effects on
arrestin recruitment, leading to differential effects on intracellular calcium mobilization and
ERK-1/2 activation following receptor activation (215). Kohout and co-workers have shown
that CCL19-mediated activation of CCR7 induced phosphorylation of C-terminal Ser/Thr
containing motifs, especially at Thr-373–376 and Ser-378, which caused ß-arrestin
recruitment, that facilitated profound CCL19-mediated ERK-1/2 activation (125). However,
we showed by the use of CCR7 C-terminal truncation mutants that lack of the entire
intracellular C-terminal tail was not sufficient to abrogate CCL19-mediated receptor
internalization, but affect ligand-induced G-protein activation (3). Furthermore it was shown
by Zidar and colleagues that CCL21 led to CCR7 phosphorylation and ß-arrestin recruitment
although much weaker relative to CCL19 (128). They further showed that the loss of GRK3
led to a substantial reduction in CCL19-mediated receptor phosphorylation and ß-arrestin
recruitment, whereas GRK6 was activated in response to either ligand and contributed
equally to receptor phosphorylation, indicating that CCR7 ligands are natural biased agonists
(128).
In this study we performed receptor mutagenesis studies to shed light on the
structure/function-relationship of CCR7, particularly in terms of receptor phosphorylation.
Therefore, we mutated several putative phosphorylation sides located within the intracellular
loops and monitored chemokine-induced cellular function of these CCR7 receptor mutants,
focusing on receptor trafficking and cell migration. Our data clearly suggest that single serine
or threonine residues within the intracellular loops are not able to hamper CCR7 trafficking or
cell migration towards CCL19 and CCL21. Surprisingly, we found a complete abrogation of
chemokine-mediated migration in cells expressing a mutant CCR7 receptor, where two
tyrosine residues in the first intracellular loop were replaced by phenylalanine. Moreover, our
data indicate that the G-protein activation is severely affected in this receptor mutant.
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Results
Generation and expression of CCR7 mutants
Since we demonstrated recently that truncation of the C-terminus of CCR7, containing a
prominent Ser/Thr cluster, is dispensable for receptor sequestration (3), we created several
novel CCR7 mutants, where putative phosphorylation sides within the intracellular loops
(ICL)

were

modified.

Corresponding

to

the

topology

prediction

by

Swiss-Prot

(www.expasy.org/sprot/), CCR7 contains different threonine, serine and tyrosine residues
within these regions. To investigate whether one of these putative phosphorylation sides
influences CCR7-induced cellular functions, we generated mutants, where distinct serine (S)
and threonine (T) residues were replaced by alanine (A) and tyrosine (Y) residues by
phenylalanine (F) (Figure 1A). All these constructs were used to generate stable 300-19
preB-cell lines, as this cell line does not express endogenous CCR7 (100). To monitor
correct expression of mutated receptors, receptor surface expression of stably transfected
cells was assessed by flow cytometry (Figure 1B). Receptor surface stainings performed with
a CCR7 specific antibody revealed that all receptor mutants are expressed at the plasma
membrane of stably transfected cell lines to equal extent.

Figure 1. CCR7 receptor mutants were equally expressed at the plasma membrane.
(A) Schematic representation of CCR7 receptor mutants. Sequences of intracellular loops of CCR7 depicted are based on the
topology prediction by Swiss-Prot (Swiss Institute of Bioinformatics, Basel, Switzerland). The modified amino acid structures of
single intracellular loops of CCR7 subjected to mutagenesis are depicted in grey. (B) Surface expression of wild-type (wt) and
mutated CCR7 receptors (filled, grey) on stable 300-19 preB cells was determined by flow cytometry using a CCR7-specific
antibody (isotype control, unfilled).

Replacement of putative phosphorylation sides in the ICLs of CCR7 does not affect
receptor trafficking
Next, we determined if loss of putative phosphorylation sides within the intracellular loops
alters CCL19-mediated receptor internalization. For this purpose, we incubated 300-19 preB
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cells stably expressing CCR7 mutants for 30 minutes with CCL19 and assessed the
expression level of receptors remained at the plasma membrane by flow cytometry. As
depicted in Figure 2A, all CCR7 receptor mutants showed profound receptor internalization
after CCL19 triggering, suggesting that mutation of neither serine nor threonine residues
within single intracellular loops is sufficient to block CCL19-mediated receptor sequestration.
We also determined ligand-mediated internalization of the two tyrosine CCR7 mutants,
CCR7-2Y2F and CCR7-Y96F, to investigate if intracellular tyrosine phosphorylation of CCR7
plays a role in its trafficking. But also these two receptor mutants showed severe CCL19mediated receptor endocytosis. Moreover, we measured recycling of the internalized mutant
receptors back to the plasma membrane. To this end, we treated 300-19 cells, which stably
express either CCR7wt or receptor mutants, for 30 minutes with CCL19, removed unbound
ligand and incubated cells for further 60 minutes within media to permit receptor recycling
back to the plasma membrane. The amount of re-expressed receptors at the plasma
membrane 1 hour after ligand removal was comparable for all CCR7 variants (Figure 2A).
Figure 2. Mutation of several putative
phosphorylation sites within the ICLs of
CCR7 did not affect CCL19-mediated
receptor trafficking.
(A) 300-19 cells stably transfected with indicated
CCR7 constructs were stimulated for 30 minutes
with 2µg/ml CCL19 to induce receptor
internalization. Surface expression level of
receptors remained at the plasma membrane
was determined by flow cytometry to assess the
amount of endocytosed receptors (white bars).
To analyse receptor recycling, CCL19 treated
cells were washed extensively to remove
unbound ligand and harvested in normal media
for 1 hour, permitting receptor re-expression at
the plasma membrane (black bars). The amount
of CCR7 at the plasma membrane was detected
with a CCR7 specific antibody by flow cytometry.
Depicted are the results of at least three
independent experiments. Error bars indicate the
mean ± SEM. (B) Schematic illustration of the
serine/threonine-less mutant CCR7-S/T. This
receptor mutant lacks 33 amino acids of the Cterminal tail, corresponding to the previous
reported CCR7-MT2 mutant (3). Further, serine
residues (S151, S163) and threonine residues
(T91, T93, T95, T249) in the intracellular loops
were replaced by arginine. (C) Surface
expression of CCR7-S/T in stable 300-19 and
HEK293 transfectants was determined by flow
cytometry. Solid, gray graphs represent
expression profile or CCR7-S/T, whereas black
lines depict CCR7wt expression. Dashed line
indicates isotype control staining.

Together these data suggest that putative phosphorylation motifs within the ICLs of CCR7
are dispensable for CCR7 trafficking. In order to prevent phosphorylation of all intracellular
serine and threonine residues, we generated an additional receptor mutant, designated
CCR7-S/T (depicted in Figure 2B), based on the CCR7-MT2 construct, which lacks most of
the C-terminus (3). Surface expression of this receptor mutant was severely impaired in both
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300-19 and HEK293 cells, suggesting that overall intracellular serine and threonine residues
are important for receptor stability (Figure 2C), as expression of CCR7-MT2 was normal (3).
Distinct serine/threonine residues in the intracellular loops of CCR7 are not essential
for ERK-1/2 activation
Recently it was shown that CCL19 and CCL21 are biased ligands with equivalent efficacy for
G-protein related activity but with differential activation of the GRK/ß-arrestin signalling
cascade in HEK293 cells (128). CCR7 activation by CCL19 induced strong receptor
phosphorylation and ß-arrestin2 recruitment catalyzed by both GRK3 and GRK6, whereas
CCL21 activates GRK6 alone (128). Further, they showed that only GRK6 but not GRK3
activation

was

necessary

for

MAPK

signalling.

To

investigate

whether

putative

serine/threonine phosphorylation sides within the ICLs of CCR7 are important for chemokinemediated MAPK signalling, we exhibited the phosphorylation of the MAP kinases ERK-1/2
after ligand treatment. Thus, we generated HEK293 cells stably expressing CCR7 mutants,
bearing serine/threonine mutations within the ICLs. Surface expression level of all constructs
was similar to wild-type CCR7 in individual, stable cell lines (Figure 3A). To assess ERK-1/2
activation stable HEK transfectants were stimulated with either CCL19 or CCL21 for
indicated time points and Western blot analyses were performed (Figure 3B). All receptor
constructs were able to activate ERK-1/2 after ligand engagement similar to CCR7 wt
expressing cells (Figure 3B).

Figure 3. Normal CCR7-mediated ERK-1/2 activation in serine and threonine receptor mutants.
(A) CCR7 cell surface staining of stable HEK transfectants (filled, grey) was performed with a PE-labeled CCR7-specific
antibody by flow cytometry (isotype control, unfilled). (B) Stable transfected HEK cells were treated with 2µg/ml CCL19 or
CCL21 for indicated time points at 37°C and subsequently lysed. ERK-1/2 phosphorylation was analysed by Western blotting
using a phospho-ERK-1/2 specific antibody. Equal protein loading was controlled by detection of ERK-1/2.
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Chemokine-mediated triggering of the CCR7-2Y2F mutant did not induce cell
migration
As neither receptor internalization nor ligand-induced ERK-1/2 activation was affected, we
tested whether one of these putative phosphorylation sides within the intracellular loops of
CCR7 plays a role in ligand-induced migration. 300-19 cells stably expressing wild-type or
mutated CCR7 were used to perform TranswellTM migration assays.

Figure 4. Lack of the two tyrosine residues Y83 and Y85 within the first ICL of CCR7 completely
abolishes agonist-driven migration.
TM

Chemotactic responses of CCR7 receptor mutants were determined by Transwell migration assays. Stable 300-19
transfectants were allowed to migrate for 3 hours towards 1µg/ml CCL19 or CCL21 through a 5µm-pore size filter. The
number of migrated cells was determined by flow cytometry. Spontaneously migrated cells were subtracted to receive the
percentage of specifically migrated cells. Error bars indicate the mean ± SEM of at least three independent experiments;
except the CCL21-induced migration of 300-19 CCR7-2Y2F cells, which was performed only once.

Surprisingly, cells expressing the tyrosine mutant CCR7-2Y2F showed a severe defect in
directional migration towards CCL19 and CCL21 (Figure 4), although the surface expression
of this receptor mutant was not impaired (Figure 1B). All other CCR7 mutants displayed
chemotactic responses similar to CCR7wt expressing cells. This data clearly demonstrate
that the tyrosine residues Y83 and Y85 located in the first ICL of CCR7 are essential for
chemokine mediated cell migration.
Y83 and Y85 of CCR7 play an important role in ligand-induced G-protein activation
In order to explain this strongly reduced migratory response elicited by the CCR7-2Y2F
mutant, we determined the G-protein coupling efficacy of this receptor mutant in comparison
to the wild-type receptor. Therefore, we performed a GTPγS assay with membranes
prepared from CCL19-stimulated 300-19 cells stably expressing either CCR7wt or CCR72Y2F. As control we used wild-type 300-19 preB cells, which lack endogenous CCR7
expression. As depicted in Figure 5, we observed an apparent G-protein activation in CCL19
triggered cells stably expressing CCR7wt receptor.
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Figure 5. The tyrosine residues Y83
and Y85 of CCR7 are important for
G-protein activation.
Membrane fractions of parental 300-19 cells
or stable transfectants were used to
determine G-protein activation of either
wild-type CCR7 or CCR7-2Y2F by
35
analysing the binding of [ S]GTPγS in
response to CCL19 (5µg/ml) treatment.
35
[ S]GTPγS binding in the absence of
chemokine was used as reference. Values
represent the mean ± SEM of four
independent experiments.

However, we could not detect G-protein activation after CCL19 treatment in cells stably
expressing the tyrosine receptor mutant CCR7-2Y2F. These observations demonstrate that
the tyrosine residues Y83 and Y85 in the first ICL of CCR7 are crucial for ligand-induce Gprotein activation and account for the defect in migration.
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Discussion
Chemokine receptors have been shown to be subjected to different posttranslational
modifications, which alter their cellular function in a number of ways. Among these,
phosphorylation at serine/threonine residues is primarily associated with receptor
desensitization, ß-arrestin recruitment and receptor sequestration. The G-protein coupled
receptor kinases (GRKs) represent the main family of serine/threonine kinases which play a
crucial role in ligand-induced chemokine receptor phosphorylation. For the chemokine
receptor CCR7, triggering with CCL19 has been reported to promote robust receptor
phosphorylation and desensitization (125). Further, Kohout and colleagues reported that a
C-terminal serine/threonine cluster (including Thr-373–376 and Ser-378) is important for
CCL19-mediated CCR7 phosphorylation, whereas additional serine residues within the C
terminal tail are important for basal receptor phosphorylation (125). However, the effect of
reduced, ligand-induced receptor phosphorylation on chemokine receptor trafficking was not
determined. A more recent study demonstrated that CCL19 as well as CCL21 were able to
induce CCR7 phosphorylation, although to a different extent (128). It was reported that
CCL19 triggering caused activation of both GRK3 and GRK6, resulting in robust receptor
phosphorylation and ß-arrestin recruitment and probably receptor internalization, whereas
CCL21 activates GRK6 alone, which led only to a weak receptor phosphorylation and ßarrestin recruitment (128). Our previous data revealed that CCR7 mutants lacking the Cterminal tail of the chemokine receptor are still capable to internalize after ligand stimulation,
suggesting that additional phosphorylation sides within the intracellular loops are implicated
in ß-arrestin recruitment and subsequent receptor internalization. This finding was quite
remarkable as for other chemokine receptors, including CCR3 (197), CXCR4 (204), CXCR3
(201), CXCR1 and CXCR2 (199), especially residues within the C-terminal tail played an
important role in agonist-induced receptor internalization. For other G-protein coupled
receptor it was reported that GRKs also phosphorylate distinct serine/threonine residues
within intracellular loops. Phosphorylation and dephosphorylation of the thyrotropin-releasing
hormone receptor (TRHR) and the β2-adrenergic receptor (β2AR) has been shown to be
largely independent of the structure of their C-termini, but arrestin association is mediated by
C-terminal tail residues (216). For agonist-induced internalization of the dopamine D2
receptor phosphorylation-dependent mechanisms mediated by serine/threonine (S/T)
residues in the second and third intracellular loops as well as phosphorylation-independent
mechanisms were reported (217). In addition to serine/threonine phosphorylation, a highly
conserved C-terminal di-leucin motif, which facilitates the recruitment of clathrin adaptor
proteins, has been demonstrated to involve the endocytosis of various membrane proteins,
including the chemokine receptors CXCR2 (218), CXCR4 (208) and CCR5 (198). As CCR7
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does not contain such a C-terminal di-leucin motif, the intracellular receptor residues
responsible for receptor internalization remain to be determined.
In our study, we investigated the role of different serine/threonine residues within the
intracellular loops of CCR7 in receptor trafficking. By the use of several receptor mutants we
showed that distinct serine/threonine clusters, including either T91/93/95/249 or S151/163,
within the intracellular loops of CCR7 are dispensable for CCL19-induced receptor trafficking
(Figure 2A). In order to fully prevent serine/threonine phosphorylation, we created a CCR7S/T mutant lacking all predicted intracellularly accessible serine/threonine residues.
However, this receptor mutant was not properly expressed at the cell surface of either 30019 or HEK293 cells, suggesting that these putative phosphorylation sides are important for
either protein folding or stability at the plasma membrane. This finding is not surprising, as
several transmembrane receptors need to be phosphorylated to get properly expressed at
the plasma membrane. PKC-dependent phosphorylation of the α4 subunit of GABA(A)
receptor subtypes, for instance, regulated cell surface expression due to enhanced stability
within the endoplasmic reticulum (219). Further investigations of CCR7 mutants lacking
distinct serine/threonine clusters within intracellular loops revealed that all determined
chemokine-induced cellular functions including ERK-1/2 activation (Figure 3), cell migration
(Figure 4) and receptor trafficking (Figure 2) were not affected by these distinct residues.
However, for the chemokine receptor CXCR3 a serine residue within the third intracellular
loop has been shown to be important for ligand-induced actin polymerization and migration
(201). Beside serine/threonine receptor mutants, we generated two additional mutants,
where we replaced distinct tyrosine residues present in the first ICL by phenylalanine to
assess the impact of receptor tyrosine phosphorylation in CCR7-mediated cellular functions.
Strikingly, mutation of these tyrosine residues did not interfere with chemokine-triggered
CCR7 trafficking, however substitution of Y83 and Y85 by phenylalanine led to severe
inhibition of chemokine-mediated cell migration. Further experiments showed that this
abrogation of migration is caused by its inability to activate the G-protein. Based on our
previous study, two distinct regions of CCR7 for G-protein coupling were known – the DRYmotif in the second ICL and a second motif located within the C-terminal residues 335-345
(3). Our recent data revealed a novel third motif, namely the tyrosine residues Y83 and Y85
within the first ICL, to be important for G-protein activation. Generally, the DRY-motif within
the second ICL is highly conserved among GPCRs and plays a crucial role in G-protein
coupled-signalling for all chemokine receptors tested, including CCR5 (220), CXCR2 (221),
CCR7 (3) and CXCR3 (205). Studies investigating intracellular loops of the chemokine
receptor CXCR4 and their function in receptor signalling have shown that ICL2 and ICL3 are
needed to induce ligand-mediated chemotaxis (204). Surprisingly, ICL2, which contains the
conserved DRY-motif, was dispensable for Gαi signalling, but motifs within the ICL3 were
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specifically involved in Gαi-dependent signals (204). In contrast, Berchiche and co-workers
found that the arginine residue within the DRY-motif of CXCR4 was crucial for G-protein
activation (47). The tyrosine residue within the DRY-motif was also reported to be implicated
in G-protein coupling efficiency. In CXCR1, for instance, this tyrosine residue was critically
involved in the coupling to Gαi-proteins as well as to downstream effectors involved in
calcium mobilization (222). Strikingly, phosphorylation of the tyrosine residue within the DRYmotif of the mu-opioid receptor was reported to reduce receptor-G-protein coupling efficiency
(223), suggesting that receptor tyrosine phosphorylation also can influence G-protein
activation. Apart from the DRY-motif, the ICL3 was determined to represent a major
determinant of G-protein coupling for several receptors, such as CXCR4 (204). Recent data
from Kleinau and colleagues provide evidence that the first intracellular loop of the
rhodopsin-like thyrotropin receptor is significantly involved in G-protein activation (224).
In summary, we demonstrated that single mutations of serine and threonine residues within
the intracellular loops of CCR7 did not abrogate any chemokine-induced cellular function.
Strikingly, this study provides a crucial role for two tyrosine residues within the first
intracellular loop in receptor-G-protein coupling and cell migration. Thus, we defined a novel
motif within CCR7 important for G-protein activation and cell migration.
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Material and Methods
Construction of CCR7-mutants
To generate different CCR7 receptor mutants, site directed mutagenesis using the
QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene) was performed. The pcDNA3CCR7-HA construct (described in (98) served as template and the following primers were
used: for CCR7-3T3A the primer 3T3A (5’-CTA TTT CAA GAG GCT CAA GGC CAT GGC
CGA TGC CTA CCT GCT CAA CCT GGC G); for CCR7-2S2A the two primers S163A (5’CGT CCA GGC TGT CGC AGC TCA CCG CCA CCG TGC C) and S151A (5’-CTC CTA CTT
CTT TGC ATC GCC ATT GAC CGC TAC GTG GCC) for CCR7-T249A the primer T249A
(5’-GTC ATC ATC CGC GCC CTG CTC CAG GCA CGC). To generate CCR7-S/T we used
the CCR7-MT2 construct (described in (3)) as template and performed site directed
mutagenesis using the primers S163A, S151A, T249A and 3T3A (as described above).
The CCR7 tyrosine mutants, CCR7-Y96F and CCR7-2Y2F were generated by site-directed
mutagenesis using pcDNA3-CCR7-HA as template. Briefly, a first PCR was performed with
the primer CCR7se2 (5`-ATA GAA TTC CGT CAT GGA CCT GGG GAA AC; EcoRI site
underlined) and either the primer Y96Fas (5’- TGG CTA GGT AAG GAC GAG TTG;
modification underlined) or the primer 2Y2Fas (5’- AAC TGG AAA TAG AAA AAG TTC;
modification underlined). A second PCR was performed with either the primers Y96Fse (5’ACC GAT ACC TTC CTG CTC AAC; modification underlined) or 2Y2Fse (5’-TTG ACC TTT
ATC TTT TTC AAG; modification underlined) together with the primer CCR7as (5`- TAT
GCG GCC GCT GGG GAG AAG GTG GTG; NotI site underlined). Then, correspondent PCR
products were mixed and a third PCR was performed with the primers CCR7as and
CCR7se2 and the amplification product was cloned into pcDNA3-HA.
Cell lines and Transfection
Murine 300-19 pre B cells were cultivated in RPMI1640 (Lonza) supplemented with 10%
FCS, 50μM β-mercaptoethanol and 2mM nonessential amino acids. Cells were transfected
with different CCR7 constructs using Amaxa technology according to the manufacturer’s
instructions. Human epithelial kidney 293 (HEK) cells were grown and maintained in
Dulbecco’s modified Eagle’s medium (Lonza) containing 10% FCS. HEK cells were
transfected by FuGENE6 (Roche) following the manufacturer’s instructions. Surface
expression of transfected CCR7 constructs was assessed by flow cytometry using the
following antibodies: Phycoerythrin- or Fluorescein-labeled anti-CCR7 MAb (Clone 150503,
R&D Systems). All stable cell lines were generated by a pre-selection step in the presence of
1mg/ml G418 following a single cell sorting using a FACSAriaIIu (BD).

Chapter 4

71

TranswellTM migration assay
24-well TranswellTM chambers (Corning Costar) were used to assess the migratory response
of stable 300-19 transfectants towards 1µg/ml CCL19 or CCL21 (both from PeproTech).
1x105 cells were placed on the polycarbonate filter of 5μm pore size and allowed to migrate
for 3 hours through the filter towards the chemokine source. Migrated cells were harvested
and the cell number was determined by flow cytometry. To calculate specific cell migration,
the number of spontaneously migrated cells was subtracted.
Flow cytometry based endocytosis/recycling assay
Internalization and recycling of CCR7 after CCL19 treatment was determined as previously
described (3). Briefly, stable 300-19 transfectants were stimulated with 2µg/ml CCL19 for 30
minutes at 37°C. Subsequently cells were put on ice, stained with CCR7-specific antibody
(clone 3D12, BD Biosciences) and cell surface expression of remaining CCR7 was assessed
by flow cytometry. For receptor recycling, cells were incubated for 30 minutes with 2µg/ml
CCL19, washed extensively and incubated for one additional hour at 37°C in media to permit
CCR7 re-expression at the plasma membrane. Surface expression of recycled CCR7 was
determined by flow cytometry using a CCR7-specific antibody.
Cell lysates and Western blotting
Stable HEK transfectants (1x106 cells/assay point) were treated with 2µg/ml of either CCL19
or CCL21 for indicated time points at 37°C. Cells were subsequently lysed in buffer (50mM
Tris, 1% NP-40, 0,25% Sodiumdesoxycholate, 150mM NaCl, 1mM EGTA, 1mM Na3VO4,
1mM NaF, pH 7,4) supplemented with a proteinase inhibitor mixture (Roche). Cell lysates
were loaded on a 10% SDS-PAGE. Western blot analysis was performed using pERK-1/2
and ERK-1/2 antibodies for detection.
GTPγS binding assay
Membrane fractions from 3 hours serum-starved 300-19 cell transfectants (2x106/assay
point) were prepared. Therefore, cells were resuspended in 1ml membrane buffer (20mM
HEPES, 6mM MgCl2, 1mM EGTA, pH 7.2, supplemented with protease inhibitors (Roche),
incubated 10 minutes on ice and subsequent squeezed six times through a syringe (G25).
Afterwards samples were spun down in two sequential steps - a first lowspeed centrifugation
step (500g, 10 minutes, 4°C) and a second step with higher speed (20,000g, 30 minutes,
4°C) – to obtain membrane pellets. Membranes were resuspended in GTPγS assay buffer
(50mM HEPES, 100mM NaCl, 10mM MgCl2, 1mM EGTA, 0.1% BSA, pH 7.2) supplemented
with protease inhibitors. Fractions were supplemented with [35S]GTPγS (0.5nM) and GDP
(10μM, Sigma) to 200μg of membrane preparations and GTPγS binding was determined in
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the presence or absence of CCL19 (5µg/ml). After 30 minutes incubation time, samples were
sucked onto a GF/C filter (Whatman, Maidstone, UK), washed four times with buffer (50mM
HEPES, 5mM MgCl2) and dried at 60°C. Scintillation fluid (rotiszinteco; Roth) was added and
scintillography performed with a Beckman LS 6000IC counter (Fullerton, CA).
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Chapter 5

Spatiotemporal recruitment of the phosphatase SHP2 to
tyrosine phosphorylated CCR7 regulates human T cell
migration and proliferation
Karin Schaeuble, Mark A. Hauser, Kathrin Kopp, Christof R. Hauck, and Daniel
F. Legler

Abstract
The chemokine receptor CCR7 and its ligands CCL19 and CCL21 are critical for lymphocyte
migration into and within lymph nodes. In addition, CCR7 also regulates cell proliferation and
survival. However, the signalling pathways that mediate these diverse cellular processes
remain poorly understood. In this study we demonstrate for the first time that CCR7 is
tyrosine phosphorylated after ligand stimulation in a Src family kinase-dependent manner,
leading to the recruitment and activation of the SH2-domain containing protein tyrosine
phosphatase SHP2. Activation of SHP2 crucially regulated CCR7-mediated ERK-1/2
activation. Inhibition of the SHP2 phosphatase activity in primary human T cells reduced the
pro-proliferative effect of both CCR7-ligands. Moreover, we found a biased function for SHP2
in CCR7-mediated human T cell migration. Whereas inhibition of SHP2 activity strongly
diminished CCL21-mediated T cell migration, CCL19-induced migration was not affected.
These findings provide clear evidence that SHP2 differentially regulates CCR7-mediated
signalling leading to T cell migration and proliferation.
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Introduction
The chemokine receptor CCR7 belongs to the large family of seven-transmembrane
spanning, G-protein coupled receptors (GPCRs). CCR7 is mainly expressed on naïve
lymphocytes, central memory T cells and is upregulated on dendritic cells during maturation.
Triggering of CCR7 by either of its two ligands CCL19 or CCL21 leads to the activation of a
wide network of signal transduction pathways and, ultimately, to diverse fundamental cellular
responses, of which cell migration is the most prominent (93). So far, only a few CCR7
signalling mediators were identified. Among these are common components of signal
transduction pathways playing a role in cell migration, like PLCγ and the MAP kinases ERK1/2 and p38 (102). However the role of these signalling components is fairly diverse and can
not become generalised. Studies investigating the influence of the MAP kinases ERK-1/2 on
CCR7-mediated migration, for instance, revealed different results. In T lymphocytes blockade
of ERK-1/2 did not affect cell migration and polarization (104), whereas in human dendritic
cells one of the ERK kinases seemed to be important for migration (101). Moreover, it was
shown that CCR7 mediated ERK-1/2 activation in primary T lymphocytes is regulated by
PLCγ and further influences T cell migration on fibronectin (103). Beside the induction of cell
migration, CCR7 has been implicated in several other cellular functions including cell
proliferation and survival. For instance, CCR7 was shown to inhibit apoptosis by a PI3Kregulated signalling pathway in mature dendritic cells (112). Additionally, stimulation of CCR7
with CCL21 mediated CD4+ T-cell co-stimulation via a DOCK2/Rac-dependent pathway,
resulting in an increase in proliferation of T cells after T cell receptor engagement in vitro
(114). Representative for the intracellular signalling of all GPCRs is the initial activation of a
trimeric G-protein, which then catalyses GTP–GDP exchange on the G-protein α-subunit.
Chemokine receptors are known to signal especially through members of the Gαi family of
heterotrimeric G-proteins (189, 139). Beside G-protein activation, the ability to directly bind to
a repertoire of proteins after stimulation provides an alternative mechanism to facilitate
additional different cellular responses. For CCL19-triggered CCR7 an interaction with the
scaffold protein β-arrestin was shown, which caused receptor sequestration and enhanced
MAPK activation (125-128). Further, we demonstrated previously that chemokine-mediated
CCR7 internalization was G-protein independent (3). Generally, association of proteins with
transmembrane receptors is due to receptor modifications like phosphorylation or
conformational changes. In this study we exhibit that CCR7 becomes tyrosine
phosphorylated after ligand stimulation, generating a putative docking station for SH2domain containing proteins. To address receptor binding of SH2-domain containing proteins,
we performed an SH2-domain array screen. The proteomic analysis revealed that CCR7
binds a novel protein, SHP2, under ligand activated conditions.
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SHP2 is a ubiquitously expressed member of the protein tyrosine phosphatase (PTP) family,
which resides mainly in the cytoplasm. The Src homology-2 (SH2) domain-containing PTPs
(SHPs) consist of two members in vertebrates – SHP1 and SHP2. SHPs bear two N-terminal
SH2-domains (N-SH2 and C-SH2) and a PTP-domain, whereas the SH2-domains offer
binding sites for phosphorylated target proteins and regulate the PTP activity. In the basal
state, the N-terminal SH2-domain interacts with the PTP-domain forming a closed
conformation which causes strongly repressed phosphatase activity (225, 226). SHP2 is
activated through binding of its SH2-domains to tyrosine phosphorylated target proteins,
leading to an open conformation of the protein allowing activation of the phosphatase
function. Additionally, there are two tyrosyl phosphorylation sites at the C-terminal tail of
SHP2 (Y542 and Y580), whose phosphorylation generate docking sites for SH2-domain
containing proteins, thereby providing an adapter function for SHP2 (227). An additional
study revealed that phosphorylation of these two C-terminal tyrosine residues also stimulates
the phosphatase activity due to an interaction with the SH2-domains, relieving a basal
PTPase inhibition (228). Studies investigating the role of SHP2 in different signalling
cascades showed SHP2 to be important for the full activation of the ERK-MAPK pathway
(229, 230), although the precise mechanisms are not completely understood (231). ERK-1/2
activation by SHP2 was shown to influence cell proliferation (232). Furthermore, SHP2 has
been shown to be involved in integrin-evoked cell spreading and migration (233-235). In fact,
SHP2 was reported to act upstream of RhoA to regulate its activity and contribute to the
coordinated control of cell movement (236). Conditional deletion of SHP2 in thymocytes
revealed that SHP2 promoted T cell receptor signalling via ERK1/2 results in T cell
maturation and proliferation (237). The role of SHP2 in chemokine receptor signalling is only
scarcely determined. It was reported that SHP2 positively regulated CXCR4-mediated
migration in T lymphocytes (238) as well as granule cells during cerebellar development
(239). So far no role for SHP2 was identified for CCR7.
In this study, we revealed that the homing chemokine receptor CCR7 is tyrosine
phosphorylated after ligand treatment facilitating the binding of SH2-domain containing
proteins. To identify putative binding partners of tyrosine phosphorylated CCR7, we
performed an SH2-domain screen using several SH2-domain containing fusion proteins.
Thereby we identified the tyrosine phosphatase SHP2 as a direct interacting partner of
activated CCR7. Upon CCR7 triggering SHP2 is phosphorylated at the two C-terminal
tyrosine residues to participate in chemokine-induced migration, ERK-1/2 activation and proproliferative function in primary human T cells.
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Results
Ligand binding induces CCR7 tyrosine phosphorylation
Posttranslational modification of proteins significantly regulates their cellular functions. The
most well known among such modifications represents protein phosphorylation by highly
specific protein kinases. CCR7 was shown to be serine/threonine phosphorylated after
triggering (125, 128), whereas tyrosine phosphorylation was not yet reported. To address
tyrosine phosphorylation of CCR7, we first used stable transfected HEK CCR7-HA cells,
stimulated them for indicated time points with 2µg/ml CCL19 and CCL21 and lysed the cells
subsequently. Tyrosine phosphorylated proteins were precipitated using the phosphotyrosine
specific antibody 4G10. As demonstrated in Figure 1, CCR7 was highly tyrosine
phosphorylated after ligand stimulation. Thereby both CCR7 ligands, CCL19 and CCL21,
induced similar receptor phosphorylation. When we pre-treated cells with the Src family
kinase (SFK) inhibitor PP2, chemokine-induced tyrosine phosphorylation of CCR7 was
severely diminished (Figure 1B). Chemokine-mediated receptor tyrosine phosphorylation
was not altered after pertussis toxin (PTx) treatment (Figure 1C), demonstrating that SFKmediated tyrosine-phosphorylation of CCR7 occurs in a G-protein independent way.

Figure 1. CCR7 is tyrosine phosphorylated after ligand stimulation by SFKs.
(A) HEK CCR7-HA cells were triggered with 2µg/ml CCL19 or CCL21 for indicated time points, lysed and tyrosinephosphorylated proteins were immunoprecipitated by the phospho-tyrosine specific antibody 4G10 and protein A agarose.
Western blot analysis with cell lysates and immunoprecipitated samples were performed and CCR7 was detected by an HRPcoupled HA antibody. (B) To assess the role of SFKs in mediating CCR7 tyrosine-phosphorylation, cells were treated for 2
hours with 10µM PP2 prior stimulation with chemokine. (C) Cells were treated for 4 hours with 10µM PTx prior stimulation to
abolish Gαi-mediated receptor signalling. Results displayed in (A) and (B) are representative of three independent experiments.
Western blots shown in (C) represent one out of two independent experiments.
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Tyrosine phosphorylation of CCR7 leads to the recruitment and activation of SHP2
Generally, receptor tyrosine phosphorylation provides the structural basis for the interaction
with SH2-domain containing proteins, whereat the sequence context of the tyrosine
phosphorylation is important for SH2-domain recognition (240). To determine if tyrosinephosphorylated CCR7 interacts with SH2-domain containing proteins, we performed a
screen using a panel of GST-SH2-domain fusion proteins. As the agonist induced tyrosinephosphorylation of CCR7 is transient, we transfected stable HEK CCR7-HA cells with v-Src
to obtain a profound phosphorylation pattern. v-Src is a constitutively active form of Src
kinase, which elicit random and sustained phosphorylation of tyrosine residues (241). Cell
lysates containing equal protein amounts of either v-Src transfected or untransfected HEK
CCR7-HA cells were incubated on ELISA plates, which were pre-coated with about 30
different GST-SH2 fusion proteins. Figure 2 depicts the screening data from a selection of
five different SH2-domain proteins. The strongest signal was obtained for SHP2, indicating
that tyrosine-phosphorylated CCR7 can directly interact with this tyrosine phosphatase.

Figure 2. The tyrosine phosphatase SHP2 associates with tyrosinephosphorylated CCR7.
HEK CCR7-HA cells were transiently transfected with v-Src to obtain strong and
sustained random tyrosine phosphorylation. Cell lysates from v-Src transfected and
untransfected control cells were used to perform an ELISA-based SH2-domain
interaction screen. HA-tagged CCR7 bound to specific GST-fusion proteins was
detected by an HA-specific antibody. The ratio of signals received from
untransfected and v-Src transfected cells was used to calculate the fold induction of
CCR7 binding. Depicted are five out of thirty different SH2-fusion proteins analysed.

Next, we analyzed the interaction of SHP2 with CCR7 into more detail. First, we examined
the recruitment of SHP2 to the plasma membrane after CCR7 stimulation. To this end, we
stimulated HEK CCR7-HA cells with 2µg/ml CCL19 and CCL21 for various time points, lysed
cells and separated cell lysates in soluble and membrane fractions. A defined portion of
endogenous SHP2 was associated with the membrane fraction under basal conditions
(Figure 3A). The amount of membrane-associated SHP2 was considerably enhanced shortly
after chemokine treatment, indicating that CCR7 triggering resulted in the recruitment of
SHP2 to the plasma membrane (Figure 3A). To determine whether endogenous SHP2
directly interacts with ligand-stimulated CCR7, we performed co-immunoprecipitation
experiments using stable HEK CCR7-HA transfectants. As depicted in Figure 3B, we found a
distinct increase in SHP2 binding to CCR7 after ligand treatment, exhibiting a direct
association of endogenous SHP2 with activated CCR7 confirming our results from the SH2domain interaction screen (Figure 2).
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Figure 3. Endogenous SHP2 is recruited to the plasma membrane and interacts with CCR7 after ligand
stimulation.
(A) Stable HEK CCR7-HA transfectants were stimulated for indicated time points with 2µg/ml CCL19 or CCL21. Subsequently
cells were lysed and cell lysates were segregated in cytosolic and membrane fractions. Samples were immunoblotted and
endogenous SHP2 was detected using a SHP2-specific antibody. CCR7 was detected to assure effective fractionation. (B)
Direct interaction of SHP2 with activated CCR7 was determined in chemokine-treated HEK CCR7-HA cells. Therefore, cells
were stimulated for indicated time points with 1µg/ml of either CCL19 or CCL21. HA-tagged CCR7 was immunoprecipitated
from untreated and chemokine-treated cells using anti-HA-agarose and bound SHP2 was detected. Western blot data depicted
in (A) and (B) are representative of three independent experiments.

Binding of SHP2 to tyrosine phosphorylated target proteins via its SH2-domain leads
generally to an open protein conformation and the onset of its phosphatase activity (231).
Further, it was suggested that phosphorylation of the two C-terminal tyrosine residues (Y542
and Y580) enhanced the phosphatase activity of SHP2 (228). To investigate, whether CCL19
or CCL21 treatment induced augmented tyrosine phosphorylation of SHP2, we determined
the phosphorylation status in freshly isolated primary human PBLs by Western blot analysis
using site-specific phospho-antibodies. Both C-terminal tyrosine residues (Y542 and Y580)
were significantly phosphorylated five minutes after chemokine treatment (Figure 4A).
Thereby both CCR7 ligands led to strong phosphorylation of SHP2. To examine if CCR7mediated Gαi-protein signalling is necessary for SHP2 phosphorylation, we treated cells with
pertussis toxin prior chemokine stimulation. As depicted in Figure 4B, inhibition of the Gαiprotein activity did not abrogate CCR7-mediated phosphorylation of SHP2. Previous studies
have shown that janus family kinases (JAK) can tyrosine phosphorylate SHP2 (242).
Additionally a rapid CCL21-mediated, Gαi-independent phosphorylation of JAK2 in primary
mouse lymphocytes was reported (107). Thus we inhibited JAK2 with the pharmacological
inhibitor Tyrphostin AG490 and assessed SHP2 phosphorylation. As shown in Figure 4C,
chemokine treatment induced SHP2 phosphorylation despite JAK2 inhibition. Given that
CCR7 phosphorylation was SFK-dependent (Figure 1B), we next inhibited SFK by PP2. This
pan Src kinase inhibitor indeed drastically reduced SHP2 phosphorylation after CCR7
stimulation (Figure 4D).
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Figure 4. SFK-dependent but G-protein
independent phosphorylation of SHP2 at
Y542 and Y580 after CCR7 stimulation.
(A) Primary human PBLs were isolated from blood of
healthy donors and stimulated for indicated time
points with 2µg/ml of either CCL19 or CCL21. Cells
were subsequently lysed and phosphorylated SHP2 at
Y542 and Y580 was determined by Western blotting
using site-specific antibodies. (B) To abolish Gαi
mediated signalling, cells were pre-treated for 4 hours
with 10µM PTx. (C) Jak2 activity was blocked by the
addition of 10µM AG490 2 hours before cells were
stimulated with chemokines. (D) Cells were pretreated with 10µM PP2 for 2 hours prior chemokine
stimulation. Western blots shown depict one
representative out of at least three independent
experiments.

Inhibition of SHP2 activity reduces CCR7-mediated ERK-1/2 activation and lowers the
pro-proliferative effect mediated by CCL19 or CCL21.
As SHP2 positively effects activation of the MAP kinases ERK-1/2 and as ERK-1/2 are also
common downstream mediators in CCR7 signalling, we investigated the role of SHP2 in
CCR7-mediated activation of this MAP kinase pathway. To this end, we pre-treated primary
human PBLs with the SHP inhibitor NSC-87877. In untreated PBLs a strong activation of
both ERK isoforms was observed already 2 minutes after CCL19 and CCL21 stimulation
(Figure 5A). This chemokine-mediated phosphorylation of ERK-1/2 was significantly inhibited
in a dose-dependent manner by NSC-87877. NSC-mediated reduction of ERK-1/2 activation
was seen for both chemokines, CCL19 and CCL21, although we observed in the majority of
cases a stronger, concentration-dependent inhibition in CCL21-mediated MAP kinase
activation.
ERK-1/2 have been reported to play a role in the regulation of cell proliferation, differentiation
and survival (243). Interestingly, a recent paper found a novel role for CCR7 in the costimulation of mouse T cells, resulting in increased in vitro T-cell proliferation, paralleled by
an increased and more sustained TCR-mediated ERK-1/2 signalling (114). If this enhanced T
cell activation by CCL21 also applies for human T cells, it is tempting to speculate that
inhibition of SHP2 would diminish this effect due to reduced ERK-1/2 activation. To test this
hypothesis, we treated freshly isolated human CD3+ T cells with different concentrations of
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the SHP inhibitor NSC-87877 and measured T cell proliferation upon CD3/CD28
engagement in the presence or absence of chemokines using a BrdU-proliferation assay. Of
note, NSC-87877 treatment did not interfere with T cell viability as assessed by measuring
mitochondrial activity over several days by a WST-1 assay (data not shown). In fact, CCL21
induced a strong increase in T cell proliferation when low amounts of chemokine were
present during the initial phase of T cell activation (Figure 5B).

Figure 5. Enhanced CCR7-mediated
proliferation and ERK-1/2 activation
is drastically reduced in NSC-87877treated human primary T cells
(A) Freshly isolated human primary PBLs
were
incubated
with
indicated
concentrations of the SHP inhibitor NSC87877 for 2 hours. Then, cells were
stimulated with 2µg/ml chemokine for
indicated time points and lysed afterwards.
Cell lysates were separated on SDS-PAGE
gels and Western blot analysis were
performed.
CCR7-triggered
ERK-1/2
phosphorylation was detected by a
phospho-specific ERK-1/2 antibody. The
amount of total ERK-1/2 was assessed to
assure equal protein loading. The results
shown are representative of at least three
independent experiments. (B) Human T
cells were treated with either 10µM or 40µM
NSC-87877 and seeded on anti-CD3/CD28
coated plates. Additionally, indicated
amounts of CCL19 and CCL21 were added
to the culture to study their effect on cell
proliferation. Proliferation was determined
by a BrdU assay after 2 and 5 days of
cultivation. The ratio of signals received
from cells cultivated in the absence of
chemokines and cells cultivated in the
presence
of
indicated
chemokine
concentrations was used to calculate the
fold induction of chemokine-mediated T cell
proliferation. Error bars indicate the mean ±
SEM of seven independent experiments
performed with primary cells from different
donors. * p < 0.05 ; ** p<0.01; *** p<0.001;
unpaired
t-test
(two-tailed),
Welch
corrected.

We also found a highly significant increase in T cell proliferation, when we add low
concentrations of CCL19 to the T cell culture. Thus, in contrast to mouse T cells (114), also
CCL19 provides a pro-proliferative function in human T cells. SHP2 inhibition by NSC-87877
reduced T cell proliferation in a dose-dependent manner at day 2, which further decreases at
day5 (Figure 5B). Of note, we observed a reduction in “chemokine-triggered” proliferation,
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whereas the overall T cell proliferation was barely affected, suggesting that attenuated
chemokine-induced SHP2 activation is responsible for this diminished pro-proliferative effect.
SHP2 particularly regulates CCL21-mediated migration of human T cells
Beside its function in regulating ERK-1/2 activation, SHP2 has been shown to play a role in
cell migration. To determine the impact of SHP2 in CCR7-mediated cell migration we used
NSC-87877 - treated human primary T cells to perform TranswellTM migration assays (Figure
6). Of note, CCR7 surface expression on primary T cells was not affected by NSC-87877
treatment (data not shown). Strikingly, we observed a strong concentration-dependent
inhibition of CCL21-mediated T cell migration whereas the CCL19-mediated migration was
not significantly altered by inhibitor treatment (Figure 6). This observation represents one of
the first indications that the two chemokines CCL19 and CCL21 stimulate different
downstream signalling pathways to obtain T cell migration.
Figure 6. NSC-87877 treatment strongly decreases
CCL21-mediated
but
not
CCL19-mediated
migration of human T cells.
+

(A) Human CD3 cells were incubated for 2 hours with
indicated amounts of NSC-87877. CCR7-mediated migration
of inhibitor treated and untreated cells towards 0.2µg/ml
TM
CCL19 or CCL21 was addressed in Transwell migration
assays. Cells were allowed to migrate for 3 hours through a
5µm pore-size filter towards the lower, chemokine-bearing
compartment. Numbers of migrated cells were assessed via
flow cytometry. Spontaneously migrating cells were
subtracted. Error bars indicate mean ± SEM of at least four
independent donors. ** p<0.01; unpaired t-test (two-tailed),
Welch corrected.

Recent data revealed that the triterpenoid oleanolic acid (OA) specifically enhanced the
catalytic activity of SHP2 (244). Thus, we exploited whether OA induced augmented SHP2
activity influenced CCR7 triggering. To this end, human PBLs were pre-treated with various
concentrations of OA, stimulated with CCL19 and CCL21, lysed and SHP2 phosphorylation
was determined. As expected, we observed an OA concentration-dependent increase in
SHP2 phosphorylation in the absence of chemokine, assuming a constitutive active form of
SHP2 (Figure 7A). Addition of either chemokine further enhanced SHP2 phosphorylation in
cells treated with low amounts of OA. At higher OA concentrations, where SHP2 was already
fully activated, no further increase by chemokines was detected. Next, we assessed whether
OA-enhanced catalytic SHP2 activity affected CCR7-mediated chemotaxis of human primary
T cells. As depicted in Figure 7B, CCL19-mediated chemotaxis was not influenced by the
addition of OA. However, we determined a significant inhibition in the migration of OA-treated
human T cells towards CCL21, which reflects the migration behaviour observed for NSCtreated T cells.
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Figure
7.
Oleanolic
acid
enhances
basal
SHP2
phosphorylation and affects
CCR7 signalling.
(A) Human primary PBLs were treated
for 2 hours with 5, 10 or 25µM
oleanolic acid. Cells were stimulated
for indicated time points with 2µg/ml
CCL19 or CCL21 and subsequently
lysed to assess SHP2 phosphorylation
at Y542 and Y580 by Western blotting.
Depicted is one representative of three
independent
experiments.
(B)
TM
Transwell
migration assays were
performed with human T cells, pretreated for 2 hours with indicated
concentrations of OA. Cells were
allowed to migrate towards 0.2µg/ml of
either CCL19 or CCL21 for 3h.
Numbers of migrated cells were
counted by flow cytometry and
spontaneously migrated cells were
subtracted to obtain the percentage of
specifically migrated cells. Error bars
indicate mean ± SEM of at least five
independent experiments using cells
from different donors. * p<0.05;
unpaired t-test (two-tailed).

Strikingly, we could not observe a generally enhanced migration of OA treated cells,
assuming that the localized SHP2 activation at the intracellular site of CCR7 plays an
important role in CCR7-mediated migration. Furthermore this data confirmed our previous
result that CCR7-mediated SHP2 activation uniquely regulates CCL21-mediated migration in
human primary T cells, whereas migration towards CCL19 is barely affected.
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Discussion
Activation of the homing chemokine receptor CCR7 by its two known ligands, CCL19 and
CCL21, elicit a multitude of different cellular functions including, cell adhesion, migration and
proliferation. However, up to now there are only a few downstream signalling pathways
known for CCR7 (102). Most of discovered CCR7 signal transduction pathways depend on
the initial activation of trimeric G-proteins. Similar to other chemokine receptors, CCR7
signals through the Gαi family of G-proteins (93). Hence, addition of pertussis toxin, which
stimulates ADP ribosylation and thus inactivation of Gαi-proteins, strongly impairs CCR7mediated migration (3, 11). Moreover, recent data showed that CCR7-mediated migration of
dendritic cells is regulated, in addition to Gαi, by the activation of a Gαq-dependent pathway,
whereas for T cell migration only Gαi was required (55). Nowadays, more and more
biochemical and cellular studies indicate that signalling of GPCRs not only derive from
activation of hetrotrimeric G-proteins, but perhaps through novel receptor-interacting proteins
such as tyrosine kinases, ß-arrestins and PDZ-domain containing proteins. (62, 245, 246).
ß-arrestin proteins have been shown to accomplish crucial cellular functions of chemokine
receptors including signalling and trafficking (64, 247). For CCR7 it has been reported that
activation through CCL19 led to receptor phosphorylation on C-terminal serine and threonine
residues, which led to ß-arrestin2 recruitment and subsequent receptor sequestration (125).
In the present study we show for the first time that CCR7 is phosphorylated on tyrosine
residues after ligand stimulation, resulting in the recruitment, association and activation of the
SH2-domain containing tyrosine phosphatase SHP2. Further we found that ligand-induced
tyrosine phosphorylation of CCR7 was significantly reduced, if cells were pre-treated with the
Src family kinase inhibitor PP2, but was not affected by pertussis toxin treatment. These data
suggest that Src kinases are activated upon CCR7 stimulation in a Gαi-independent way and
further induce tyrosine phosphorylation of CCR7. Currently, there are several mechanisms of
GPCR-mediated SFK activation reported, including direct mechanisms through binding to
GPCRs, G-proteins and arrestins and indirect mechanisms through a GPCR crosstalk with
either receptor tyrosine kinases or focal adhesion complexes (248). Activation of the
chemokine receptor CXCR1, for instance, was shown to stimulate rapid formation of ßarrestin complexes with the SFK Hck, resulting in Hck activation (249). The mechanism
responsible for SFK activation after CCR7 stimulation has so far not been reported. Since
tyrosine phosphorylation represents the basic requirement for binding of SH2-domain
containing proteins, we investigated if phosphorylated CCR7 represents a putative
interaction platform for SH2-domain containing proteins. Here we found that the tyrosine
phosphatase SHP2 directly interacted with tyrosine phosphorylated CCR7. Further we
demonstrated that endogenous SHP2 interacted with CCR7 after ligand engagement. A
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direct interaction of SHP2 has also been reported for the chemokine receptor CXCR4 (250).
There, activation of CXCR4 resulted in the association of SHP2 with SHIP, Fyn, and Cbl,
showing that in addition to its role as phosphatase, SHP2 may act as adaptor protein by
providing docking sites for the recruitment of downstream signalling molecules (250).
Generally, interaction of SHP2 with target proteins is manifested by an increased
phosphatase activity, due to an open enzyme conformation (231). Furthermore, C-terminal
tyrosine phosphorylation of SHP2 also led to a certain increase in phosphatase activity (228).
Apart from receptor association, we revealed a strong phosphorylation of SHP2 at Y542 and
Y580 after CCR7 stimulation with either CCL19 or CCL21 in primary human T cells,
suggesting that CCR7 activation indeed caused an increased SHP2 activity. Using different
pharmacological inhibitors, we found that C-terminal SHP2 phosphorylation is not affected by
inhibition of Jak2 or Gαi downstream signalling. However, we detected a reduced CCR7mediated SHP2 phosphorylation by treating cells with the SFK inhibitor PP2. Since we also
observed a reduced CCR7 phosphorylation in the presence of PP2, it remains open whether
SHP2 phosphorylation was directly mediated by SFKs or depended on receptor association.
Generally, it has been shown that SFKs may play a role in SHP2 phosphorylation. For
instance it was reported that the SFK member Fyn is responsible for SHP2 phosphorylation
in stem cell factor signalling of bone marrow-derived mast cells (251). Further, it was already
demonstrated for the intracellular signal transduction pathway of the cytokine prolactin that
Src kinases are able to control activation of SHP2 (252). Moreover, recent data revealed that
SHP2 phosphorylation and enzymatic activity can be regulated by ZAP70, which is a
common downstream target of SFKs upon TCR triggering (253).
The tyrosine phosphatase SHP2 plays a pivotal role in several different signalling cascades
including MAP kinase-, Jak/Stat-, and PI3-kinase-pathways (230, 254). However, the role of
SHP2 in chemokine receptor signalling are only little investigated. CCR5 activation has been
reported to induce enhanced tyrosine phosphorylation of both SH2-domain-containing
phosphatases, SHP1 and SHP2 which was accompanied by enhanced association of SHP1
and SHP2 with Syk and Grb2 (255). Further the authors suggested that tyrosine
phosphatases may play an important role in the regulation of CCR5-mediated migration
(255). Also Chernock and co-workers assumed a positive role for SHP2 in chemokinemediated cell migration, as they found an enhanced CXCL12-induced cell migration by
overexpression of SHP2 in JMC.T5 Jurkat cells (250). In the present study we used the
pharmacological compound NSC-87877, a selective inhibitor of SHP2 and SHP1 (256).
Strikingly, treatment of human primary CD3+ cells with NSC-87877 led to a concentrationdependent inhibition of CCL21-mediated migration, whereas migration induced by CCL19
was not significantly affected (Figure 6). This unique function of SHP2 on CCL21-mediated
migration provides evidence that triggering of CCR7 with the two chemokines results in
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different downstream signalling pathways used for cell migration. Since we were not able to
rule out an additional effect due to the inhibition of SHP1, we performed additional
TranswellTM migration assays with oleanolic acid treated cells. Oleanolic acid is a naturally
occurring triterpenoid, which was recently identified as specific SHP2 enhancer without
affecting SHP1 activity (244). Our data support the positive effect of oleanolic acid on SHP2
activity, as we observed an increased basal phosphorylation of C-terminal SHP2 tyrosine
residues in OA treated human PBLs (Figure 7B). Chemokine treatment potentiated basal
SHP2 phosphorylation at low OA concentrations. T cells treated with OA migrated inefficient
towards CCL21, but normally towards CCL19, suggesting that a localized activation of SHP2
at the plasma membrane is important for its regulatory function in CCL21-mediated cell
migration. The most-well established difference between the two chemokines CCL19 and
CCL21 represents their different potential in receptor sequestration. Binding of CCL19
subsequently leads to vigorous CCR7 internalization, whereas CCL21 induces only marginal
receptor sequestration from the surface (97, 98, 126). As SHP2 was recruited to the plasma
membrane and activated after CCR7 stimulation, it is tempting to speculate that SHP2
hampers only CCL21-specific signalling mediators, operating predominantly at the plasma
membrane.
Apart from cell migration, we investigated the role of SHP2 in CCR7-induced ERK-1/2
activation and cell proliferation. Activation of the widely expressed MAP kinases ERK-1/2 is a
well-known early signalling event after CCR7 stimulation. However, the role of these MAP
kinases in CCR7 cellular functions seems to be rather diverse. In human dendritic cells, for
instance, a positive influence on migration by ERK-1/2 has been reported (101), whereas in
T lymphocytes it has been shown that blockade of this signalling pathway had no effect on
cell polarization and migration (104). Moreover, stimulation of CCR7 by CCL21 has recently
been shown to enhance ERK-1/2 activation upon TCR triggering, resulting in enhanced T cell
proliferation (114). Our data clearly show that treatment of cells with the SHP inhibitor NSC87877

caused

a

concentration-dependent

reduction

of

CCR7-mediated

ERK-1/2

phosphorylation (Figure 5). Further we confirmed the pro-proliferative effect mediated by
CCL21 in human T cells. In contrast to mouse T cells we also observed a significant costimulatory effect on proliferation by CCL19 (114). Inhibiting SHP phosphatases by NSC87877 significantly lowered the pro-proliferative effect mediated by either CCL19 or CCL21,
whereas the overall T cell proliferation was hardly changed.
Together our data revealed for the first time that CCR7 is tyrosine phosphorylated after
ligand binding in a SFK-dependent manner, which generates a docking site for SH2-domain
containing proteins. Moreover, we identified the tyrosine phosphatase SHP2 as a direct
interaction partner of tyrosine-phosphorylated CCR7. Further studies in human PBLs
demonstrated that CCR7 activation led to C-terminal phosphorylation of SHP2. Both receptor
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binding and C-terminal phosphorylation of SHP2 suggests a CCR7-mediated activation of
SHP2 phosphatase activity. Inhibitor studies showed that SHP phosphatases can regulate
CCR7-mediated ERK-1/2 activation and play a crucial role in the pro-proliferative function of
CCR7 in human T cells. Moreover, our data exhibit a special role for SHP2 in regulating
CCL21-mediated human T cell migration, whereas CCL19-induced migration barely depends
on SHP phosphatases.
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Material and methods
Materials
The recombinant human chemokines CCL19 and CCL21 were purchased from PeproTech.
Antibodies were obtained from following sources: monoclonal anti-HA-HRP (clone HA7)
(from Sigma-Aldrich); anti-phospho-p44/42 MAPK (pERK-1/2, Thr202/Tyr204, clone E10),
anti-p44/42 MAPK (ERK-1/2, clone 3A7), anti-phospho-Y542 SHP2, anti-phospho-Y580
SHP2, SHP2 (all from Cell Signalling Technology); anti-GST (Santa Cruz Biotechnology),
anti-CD3 (clone OKT3, Janssen-Cilag) and anti-CD28 (clone CD28.2, eBioscience). Most
inhibitory compounds were purchased from Calbiochem, exept from the Oleanolic acid and
Tyrphostin AG490 which were obtained from Sigma-Aldrich.
Cell culture and transfection
Human PBLs and CD3+ T cells were isolated from blood donations of healthy donors.
Therefore, PBMCs were isolated from whole blood by density gradient centrifugation on
Ficoll-Paque Plus (Amersham Biosciences). Afterwards monocytes were depleted by positive
selection from PBMCs using anti-CD14-conjugated magnetic microbeads (Miltenyi Biotec) to
obtain PBLs. To receive untouched CD3+ cells a negative selection from PBLs using the pan
T-cell isolation kit II (Miltenyi Biotec) was performed. PBLs and CD3+ T cells were cultured in
RPMI-1640 medium (Lonza) supplemented with 10% fetal calf serum and 1% non essential
amino-acids. For T cell proliferation assays CD3+ cells were cultured in anti-CD3 (5µg/ml) –
anti-CD28 (2µg/ml) coated plates.
Human epithelial kidney 293 (HEK293) cells and stable HEK CCR7-HA transfectants were
grown and maintained in Dulbecco’s modified Eagle’s medium (Lonza) containing 10% FCS.
HEK293 cells were transfected by FuGENE6 (Roche, Basel, Switzerland), according to the
manufactures instruction.
CCR7 tyrosine-phosphorylation
Stable HEK CCR7-HA transfectants were starved in media containing 0.5% FCS for 2 hours.
Starved cells were incubated with 2µg/ml CCL19 or CCL21 at 37°C for indicated time points,
treated with pervanadate and subsequently lysed with ice-cold buffer (10mM TrisHCl,150mM NaCl, 2mM MgCl2, 10% glycerol, 0,4% N-dodecyl maltoside, supplemented with
proteinase- and phosphatase-inhibitor mix from Roche, adjusted to pH7,5). Tyrosinephosphorylated proteins were immuno-precipitated from cell lysates using the phosphotyrosine 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
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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 on CCR7
tyrosine phosphorylation, 10µM PP2 was additionally added 2 hours prior CCR7 stimulation.
SHP2-CCR7 co-immunoprecipitation
Stable HEK CCR7-HA transfectants were starved over 2 hours in media containing 0.5%
FCS before they were stimulated with 1µg/ml CCL19 or CCL21 at 37°C for indicated time
points and subsequently incubated for 3 hours with 2.5mM DSP (dithio-bis-succinimidyl
propionate; Pierce) at 4°C. Cells were lysed with buffer (10mM Tris-HCl, 150mM NaCl, 2mM
MgCl2, 10% glycerol, 0,4% N-dodecyl maltoside, supplemented with proteinase- and
phosphatase-inhibitor mix from Roche, adjusted to pH7,5) and HA-tagged CCR7 was
immuno-precipitated using anti-HA-agarose. Immuno-precipitated proteins were analysed by
Western blotting using HRP-coupled HA and anti-SHP2 antibodies.
ELISA with SH2-domain containing GST-fusion proteins
Microtiter maxi capture ELISA plates 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% Tween20)
over night at 4°C. Stable HEK CCR7-HA cells were transiently transfected with v-Src to
obtain a robust tyrosine phosphorylation of proteins. 10 hours after transfection, cells were
lysed with buffer (10mM Tris-HCl, 150mM NaCl, 2mM MgCl2, 10% glycerol, 0,4% N-dodecyl
maltoside, supplemented with proteinase- and phosphatase-inhibitor mix from Roche,
adjusted to 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 protein, were transferred on SH2-domain coated ELISA plates. After 4 hours
incubation at 4°C, ELISA plates were thoroughly washed with PBS and incubated with an
anti-HA specific antibody followed by a secondary HRP-coupled antibody. Signals were
received by incubation with the HRP Substrate TMB and measured by an ELISA reader.
Background signals obtained from cell lysates incubated on GST alone were subtracted. To
gain fold induction of tyrosine-phosphorylation mediated CCR7 binding, the ratio of signals
from untransfected cell lysates with v-Src transfected was calculated.
Membrane fractionation
HEK CCR7-HA cells were stimulated for 5 or 10 minutes at 37°C with 2µg/ml of indicated
chemokines. Cells were harvested by centrifugation and cell pellets were frozen for 30
minutes at -80°C. Hypotonic buffer was added to frozen cell pellets and samples were
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incubated for 20 minutes on ice followed by a low spin centrifugation step (500g, 10min, 4°C)
to remove cell debris and the nucleus. Supernatants were centrifuged at 21.000g, 20min,
4°C to sediment membranes. Finally, membranes were resuspended in lysis buffer to solve
proteins. Cytosolic and membrane fractions were subjected to 10% SDS-PAGE gels and
Western blot analyses were performed.
PBL lysates
1x106 of peripheral blood lymphocytes (PBLs) were starved for 2 hours with medium
containing 0.5% human AB serum before they were stimulated with 2µg/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 pERK-1/2, ERK-1/2, pSHP2 (Y580), pSHP2 (Y542) and SHP2 antibodies
for detection. For the detection of SHP2 phosphorylation, cells were treated with pervanadate
immediately prior lysis. To assess the effect of different inhibitors on the kinase or
phosphatase phosphorylation, PBLs were pre-incubated with variable concentrations of
appropriate inhibitors. Thereby indicated amounts of NSC-87877, oleanolic acid, PP2 or
AG490 were added 2 hours prior chemokine triggering to the cells. For uncoupling of Gαi
signalling cells were incubated for 4 hours with pertussis toxin (PTx).
TranswellTM migration assay
Migration of human T cells was assessed by the use of 24-well TranswellTM Systems
(Corning Costar) containing filters with 5µm pore size. 1x105 cells were allowed to migrate for
3 hours to the lower compartment, containing indicated amounts of either CCL19 or CCL21.
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. To test the influence of different inhibitory compounds on human CD3+ cell
migration, cells were pre-treated 2 hours with indicated amounts of according inhibitors.
BrdU – Proliferation assay
Proliferation of primary human CD3+ T cells was analysed by a colorimetric BrdU cell
proliferation ELISA from Roche according the manufactures instruction. Briefly, 5x105
primary CD3+ T cells were cultivated in the presence of indicated concentrations of NSC87877 and/or chemokines in anti-CD3/CD28-coated 96-well plates. At day 2 or 5,
respectively, BrdU was added to the cells and further incubated for additional 2 hours,
permitting the pyrimidine analogue BrdU to incorporate into the DNA of proliferating cells.
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Afterwards cells were fixed, DNA was denatured and cell suspension was incubated with an
anti-BrdU-POD

antibody.
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Abstract
Lymphocyte homing to and motility within lymph nodes is essentially regulated by the
chemokine receptor CCR7 and its two ligands CCL19 and CCL21, which are constitutively
expressed by lymphoid T zone stroma cells. Within lymph nodes, 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 T cell receptor engagement on CCR7-mediated
migration. We found that short-term activation of freshly isolated human T cells enhanced
CCR7- but not CXCR4-mediated migration. In contrast, long-term TCR triggering attenuated
CCR7-driven migration. More efficient migration was observed for both CD4 and CD8 T cells
and was most prominent for naïve cells. We demonstrate that Src-family kinases, primarily
Lck and Fyn, are responsible for the enhanced migration towards low concentrations of
CCR7 ligands. Strikingly, inhibition of Fyn resulted in an enhanced migration towards CCL19
and CCL21 in non-activated human T cells, whereas the migratory response of short-term
activated T cells was not affected. We identified a Fyn-dependent negative regulation of Lck
upon CCR7 stimulation in non-activated T cells. Consequently, CCL19 and CCL21 induced
the phosphorylation of the adaptor protein LAT in short-term activated T cells where Lck is
active, but not in resting T cells. Collectively, we characterize a cross-talk between TCR- and
CCR7-induced signalling, resulting in enhanced CCR7-specific migration and hence provide
mechanistic evidence that the activation status of T cells has a pivotal impact on lymphocyte
motility and thus sets the threshold on 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. Directed cell migration depends on local expression
of diverse chemokines, which guide lymphocytes through the lymphatic system by activating
the corresponding chemokine receptors (140). Under homeostatic conditions, naïve T cells
circulate continually between the blood and lymphoid tissues, where they scan dendritic cells
(DCs) for their cognate antigen. T cell homing to lymph nodes is mainly enabled by the
chemokine receptor CCR7 and its two ligands CCL19 and CCL21 (93). 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 cells (93). Triggering of CCR7 with one of its cognate ligands induces the
onset of various signalling cascades leading to cell polarization and further 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) (257). Whereas in humans, CCR7 ligands are also produced by DCs, in mice,
CCL21 is additionally produced in high endothelial venules (100, 119, 122). CCR7-deficient
mice show strongly impaired lymphocyte homing accompanied with severe alterations in the
morphology of all lymphoid organs which is manifested by a delayed induction of an adaptive
immune response (82). Beside its ability to guide lymphocytes into lymphoid organs, CCR7
also enables their intranodal motility (11, 12). Since the number of naïve T cells specific for a
certain antigen is extremely low, it is essential for naïve T cells to scan large areas for the
appropriate antigen presenting cell (APC) to permit the initiation of an effective immune
response (2, 258, 259). After 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 CD69 (260). Within this initial priming phase, T lymphocytes 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 IFNγ (260). Within 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
cellular response. Hitherto, only a few studies investigated on the interplay between
chemokine receptor and TCR signalling. For instance, TCR triggering was demonstrated to
down-regulate CXCR4 surface expression leading to a reduced migratory response towards
CXCL12 (261) and to attenuate CXCR3-induced phosphorylation of ZAP70 and LAT,
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resulting in reduced CXCR3-mediated migration (262). 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 (263). However, there is recent evidence that TCR stimulation acts via Rac1 to
reduce the phosphorylation of ERM proteins which is required for cell polarization and
chemokine-independent random motility (264). Moreover, the TCR-mediated stop signal can
be reverted by CTLA-4 to enhance random motility (265). These two studies suggest that the
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
stimulation (266). This physical interaction resulted in prolonged ERK-1/2 phosphorylation,
robust AP-1 transcriptional activity and enhanced cytokine secretion. Furthermore, CXCR4
was shown to utilize ZAP70 for enhancing the T cell migratory response (266-268).
In this study we investigated the effect of TCR engagement via CD3/CD28 on CCR7mediated cellular response of freshly isolated human primary T cells. We demonstrate that
short-term activation of human naïve T cells modifies CCR7 signalling manifested by an
enhanced chemotactic response towards low concentrations of the CCR7 ligands CCL19
and CCL21. We found that the enhanced migratory response of short-term activated T cells
mainly depends on Src family kinases. All together, 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
Naïve and central memory T cells are recruited to lymph nodes by the chemokine receptor
CCR7 and its two ligands, CCL19 and CCL21, which are mainly expressed by stromal cells.
Within this chemokine rich area, 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 exhibit CCR7-mediated migration of T cells
in different activation stages. To this end, 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. As depicted in Figure 1A, freshly isolated CD3+ T cells migrated readily towards
CCL19, and CD3/CD28 triggering steadily attenuated the migration efficiency between day 2
and 6.

Figure 1. Temporarily modified CCR7 signalling 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
TM
to 6 days. T cell migration towards 1µg/ml CCL19 and CCL21 was determined by Transwell migration assay. The
percentage of cells migrated to the lower compartment within 3 hours was determined by flow cytometry. Cells migrated in
the absence of chemokines were subtracted. Mean values ± SEM of four independent experiments are shown. (B)
Simultaneously cell surface expression of CCR7 was assessed via flow cytometry using a FITC-labeled CCR7-specific
+
antibody. (C) Freshly isolated CD3 T cells and CD3/CD28 stimulated cells were stimulated for 2 minutes 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.

Similarly, a reduced CXCL10/CXCL12-dependent (261, 262) and chemokine–independent
(264) T cell motility was observed after TCR engagement. In contrast, CCL21-mediated
chemotactic responses were rather poor in freshly isolated T cells, but transiently increased
upon CD3/CD28 triggering reaching highest responses at day 2 before progressively
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declining again down to initial responses (Figure 1A). Similar results were observed in PBLs
cultured in the presence of IL-2 alone (100). 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 responsiveness (269). Provided 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 nonactivated 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 T
cells. Given that receptor expression at day 6 was significantly reduced, the enhanced ERK1/2 phosphorylation does not directly correlate with the expression levels of CCR7. These
data suggest that T cell activation via CD3/CD28 modifies CCR7 signalling and cellular
responses.
Short-term TCR triggering is sufficient for enhanced CCR7-mediated migration
To assess whether early TCR signals account for the enhanced CCR7 signalling, 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 hours of incubation, CD3/CD28-activated and nonactivated T cells were allowed to migrate towards CCL19, CCL21, and CXCL12.
Interestingly, short-term CD3/CD28-activated T cells migrated significantly better towards low
concentrations of CCL19 and CCL21, whereas at higher concentrations differences were no
longer significant (Figure 2A). In contrast, CXCL12-mediated migration was slightly
attenuated in activated T cells (Figure 2A), confirming previous observations for CXCR4
(261). 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 and can not
be attributed to changes in chemokine receptor surface expression. These observations also
suggest that the TCR signalling pathway differentially co-operate with distinct modules of
chemokine receptor signalling.

Chapter 6

96

Figure 2. Enhanced migratory response of short-term activated human T cells is specific for CCR7.
(A) Migratory responses of freshly isolated, non-activated or 2 hours short-term CD3/CD28 activated human T cells
TM
towards graded concentrations of CCL19, CCL21 and CXCL12 were determined by Transwell migration assays. Cells
were allowed to migrate towards the ligand source for 3 hours at 37°C and the number of migrated cells was measured via
flow cytometry. Mean values ± SEM of five independent experiments are presented. (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.

Next, we tested whether even shorter TCR triggering was sufficient for inducing an enhanced
T cell migratory phenotype. Therefore, we activated primary human T cells for 45 minutes on
anti-CD3/CD28-coated plates, subsequently transferred the cells to uncoated dishes and
cultured them for additional 75 minutes before the migratory response was analyzed.
Strikingly, already this shortened period of time provoked an enhanced CCR7-dependent T
cells migration phenotype (Figure 3A). TCR triggering for 45 minutes seems to be the
minimal activation time as further reducing 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 chemokine receptor and the TCR.
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. As
depicted in Figure 3B, the most prominent enhanced migratory phenotype induced by shortterm CD3/CD28 activation 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 minutes on anti-CD3/CD28 antibody-coated dishes followed by further
TM
incubation for 75 minutes on uncoated dishes. Cells were subsequently subjected to Transwell migration assays towards
0.2µg/ml CCL19 and CCL21. Mean values ± SEM of four independent experiments are shown. (B) Human CD3 sorted T cells
TM
were activated or not for 2 hours on anti-CD3/CD28-coated dishes and subjected to Transwell 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 in relation to the initial population. Mean
values ±SEM of four independent experiments are presented.

Src family kinases are important for the enhanced CCR7-mediated migration of shortterm 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 signalling cross-talks between the TCR and CCR7. First, we used pharmacological
inhibitors and assessed the migratory capacity of drug-treated T cells. Importantly, we first
stimulated T cells with anti-CD3/CD28 for 1 hour (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 T cell activation to prevent
degradation of potential signalling proteins hampering CCR7-mediated migration still
displayed enhanced migration upon TCR triggering (data not shown). Finally we treated cells
with the Src family kinase (SFK) inhibitor PP2. As shown in Figure 4A, PP2 treatment led to
an overall attenuation of CCR7-mediated migration, but additionally significantly reduced the
enhanced migratory capacity of short-term activated T cells. SFKs are well known tyrosine
kinases down-stream of the TCR playing crucial roles in T cell activation (270). T cells
primarily express the SFKs Fyn and Lck. In order to determine which SFK 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
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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 (271). Primary human T
cells were pre-treated for 2 hours with SU6656 prior cells were subjected to migration
assays. Surprisingly, SU6656 treatment 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 nonactivated 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 cross-talk leading to enhanced migration of short-termed TCR
triggered T cells.

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 hours 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 two hours with 5µM SU6656
prior their chemotactic response was
determined. Chemotaxis towards 0.2µg/ml
CCL19, CCL21 or 50ng/ml CXCL12 was
TM
assessed by Transwell
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 of at least three
independent experiments are shown.

To substantiate this finding, we inhibited another protein kinase family, the PKCs, which were
shown to serine-phosphorylate Fyn in platelets (272). To investigate the role of PKC, and
indirectly Fyn, on CCR7-mediated T cell migration, we pre-treated non-activated and shortterm activated 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 diminished
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migratory responses (Figure 5A). Similarly to SU6656 treatment, cell migration did not
increase upon TCR ligation. 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 T cells with Gö6976 slightly
attenuated CCL19 and CCL21-mediated cell migration but could not significantly abrogate
the TCR mediated pro-migratory effect. Based on these observations we assume that the
SFK Fyn together with Ca2+-independent PKC isoforms keep the migratory response towards
CCL19 and CCL21 of naïve T cells at a low level.

Figure 5. Contribution of PKCs to CCR7-mediated T cell migration.
Non-activated and short-term activated T cells were treated with 10µM of the PKC inhibitors BimI (A) or Gö6976 (B) one
hour prior to subject T cells to migration assays in response to 0.2µg/ml CCL19 or CCL21. Cells were allowed to migrate
for 3 hours before numbers of migrated cells were determined via flow cytometry. Cell viability after inhibitor treatment was
assed by TOPRO-3 staining. Mean specific migration ±SEM of at least three independent experiments is shown.

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 using commercially available antibodies. CCL21
induced a strong Tyr505 phosphorylation of Lck in non-activated PBLs which was maximal
after 30 minutes of stimulation (Figure 6A). In contrast, 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 Lck (273), we investigated on the role of Fyn in CCR7mediated 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-
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mediated Tyr505 phosphorylation of Lck (Figure 6A), suggesting a negative regulation of Lck
by Fyn.

Figure 6. CCL21 induces inhibitory
Tyr505 phosphorylation of Lck in a Fyndependent manner in non-activated T
cells.
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 hours prior chemokine
stimulation.

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 Lck (274). 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 not induce LAT phosphorylation (Figure 7A). In
contrast, CCR7 triggering strongly enhanced LAT phosphorylation in short-term TCRengaged T cells. Treating of CD3/CD28 short-term activated T cells 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.

Figure 7. CCR7 stimulation synergistically induces LAT phosphorylation exclusively in TCR triggered
PBLs.
Human PBLs, either untreated (A) or activated for 2 hours 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 total and phosphorylated LAT. Where indicated, 10µM PP2 was
added 30 minutes prior to chemokine (A) or TCR (B) triggering. A representative Western blot out of four derived from
individual blood donors is depicted.
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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 signalling cross-talk
between CCR7 and the TCR.

Chapter 6

102

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 get 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 (275). Intravital microscopy
revealed that naïve T cells initially interact only temporarily with dendritic cells presenting
cognate antigens (260). During this early priming phase naïve T cells upregulate the
activation marker CD69 and stay highly motile, whereas at later time points T cells form longlasting conjugates with the APC. The high motility of T cells during the early priming phase is
mediated by the chemokine receptor CCR7 (11, 12). 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 isolated 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 chemokines (276). 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 binding (266). On
one hand, this heterodimer between CXCR4 and the TCR enabled the chemokine receptor
to signal via the TCR ITAM domains in a ZAP70-dependent manner resulting in sustained
ERK activation, a robust AP-1 transcriptional activity, as well as increased [Ca2+]i mobilization
(266, 268). On the other hand, CXCR4 triggering diminished TCR activation by lowering the
phosphorylation of ZAP70, LAT and SLP76 (261). The same authors reported that TCR
activation inhibited T cell migration towards CXCL12 and caused augmented CXCR4
internalization (261). 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.
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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 signalling molecules of the TCR.
Activation of these tyrosine kinases are regulated either by conformational changes, which
are due to the binding of ligands to the SH3 and/or SH2 domains of the kinase or by the
phosphorylation and dephosphorylation of two critical tyrosine residues (270). 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 Lck
leading to an amplified activation status of ZAP70 (274). 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 (277). 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
activation (278, 279). 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 Tyr505 (280). Moreover, in these cells, the amount of active Lck did not increase
upon TCR/CD3 engagement but determine the extent of CD3ζ phosphorylation (280).
Currently, there are only few studies investigating the role of Lck and Fyn in chemokine
receptor signalling and function: CXCR4 stimulation was reported to enhance Lck activity,
which was important for the onset of different downstream pathways involving ZAP70, Dok-1
(281, 282), and Fyn (250). Lck was also reported to play a crucial role in CXCR4-mediated
lymphocyte homing (283). Furthermore, a negative effect on TCR-mediated Lck activation
was described for CXCL12-treated cells (284), suggesting an interplay between the
chemokine receptor- and the TCR signalling 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 activation (273). Further, their
data demonstrate a reduced phosphorylation of the regulatory Tyr505 of Lck in the absence
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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 influence chemokinemediated 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 ligation (285).
Beside SFK we identified PKCs as 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 CCL19 and CCL21. The CCR7mediated 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 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 inhibitors (59).
In contrast, PKCδ was required for CCR4-mediated chemotaxis (286, 287). Interestingly, it
has been noted that upon culturing, T cells switch from a PI3K-dependent to a PKCdependent chemotactic response to CXCL12 although the mechanism remains elusive (288).
It has also been speculated that different PKC isoforms differentially regulate actin
reorganization and integrin activation and hence account for different mechanisms of
migration signalling paths (289, 290). In this perspective it is worth noticing that Fyn activity
can be regulated by the PKC (272), 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 and identified Src family kinases as integral
signalling 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
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CCR7

triggering

induced

a

strong

chemokine-dependent

LAT

2+

phosphorylation through Lck. Moreover, we determined a negative role of Ca -independent
PKC isoforms in CCR7-mediated migration, which faded away in activated T cells. These
data clearly indicate that TCR engagement causes a modified CCR7 signalling 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
opponent stop signals provided by the TCR.
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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. Peripheral blood lymphocytes (PBLs) were
obtained by privation of monocytes with CD14-positiv magnetic sorting (Milteny Biotech).
CD3+ T cells were isolated from PBLs by negative selection using the pan T cell isolation kit
II (Milteny 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 one hour. For longer cultivation and migration assays, T cells were
maintained in RPMI medium supplemented with 10% fetal calf serum 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 were 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) were both
obtained from R&D Systems. Phycoerythrin-labeled anti-CD62L (Clone FMC46) and
Phycoerythrin-labeled anti-CD69 (Clone FN50) were both purchased from AbD Serotec.
In several experiments cells were treated with different inhibitory compounds, which were
obtained from: MG132 (Calbiochem), LY294002 (Cell Signaling), Y-27632 (Sigma-Aldrich),
SU6656 (Biaffin GmbH), PP2 (Calbiochem), Bisindolylmaleimide I (Sigma-Aldrich), Gö6976
(Calbiochem)
Chemotaxis
Human CD3+ T cells (1x105) in RPMI supplemented with 0.5% human serum were placed on
TranswellTM filters (Corning Costar) with 5µm pore size and allowed to migrate to the lower
compartment containing indicated concentrations of chemokines (recombinant human
CCL19, CCL21 and CXC12, PeproTech) for 3 hours. 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. Specific cell migration was calculated by
subtraction of the number of cells migrating in the absence of chemokines.
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,
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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: antiphospho-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) were purchased from Millipore. anti-Fyn (pY528/c-Src pY530) were purchased
from BD Bioscience. To investigate the role of certain SFK cells were either pre-incubated for
30 minutes with 10µM PP2 before TCR engagement or for 1 hour with 5µM SU6656 before
chemokine triggering, respectively.
Statistic evaluation
Significant differences between groups were assessed using a two-tailed, unpaired student’s
t test via GraphPad InStat. Results, displaying statistic evaluations, were performed at least
five times independently using lymphocytes from different donors. *p<0.05; **p<0.01;
***p<0.001
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Chapter 7
General discussion
Naïve lymphocytes enter different secondary lymphoid organs, primarily lymph nodes, during
their constitutive recirculation path through the blood system, to scan for their cognate
antigen. To induce an efficient adaptive immune response, T cells must encounter their
correspondent antigen which is presented by professional antigen-presenting cells (APCs),
primarily dendritic cells, which also migrate towards lymph nodes after efficient antigen
capture in the periphery and subsequent maturation. Thus, migration of immune cells
towards secondary lymphoid organs represents a prerequisite for the maintenance of the
immune system and the induction of an adaptive immune response (5). Generally, migration
towards lymph nodes is mediated by the homing chemokine receptor CCR7 and its two
ligands, CCL19 and CCL21, which are constitutively expressed within the T cell zone of
lymph nodes. CCR7 is expressed on diverse immune cell types, including naïve
lymphocytes, mature dendritic cells, Treg cells and a subpopulation of memory T cells known
as central memory T cells. Apart from this, CCR7 is found on several cancer cells, supporting
metastasis formation within lymph nodes, making CCR7 a prominent object of investigation
(93). Similar to all chemokine receptors, CCR7 is a seven-transmembrane-spanning, Gprotein coupled receptor (GPCR), which activates the Bordetella pertussis sensitive Gαi
family of G-proteins. Stimulation of CCR7 activates a complex network of intracellular signal
transduction pathways, which finally result in a variety of functions, whereof cell polarization
and migration is most prominent. Beside its ability to induce directional cell migration, CCR7
has been shown to regulate also other cellular functions, such as cell proliferation and
survival (139). Although the implication of CCR7-mediated migration under different
immunological aspects is well investigated, the knowledge about precise molecular
mechanisms, regulating receptor activity, are currently limited. To shed light on some of
these mechanisms, we conducted several studies which supply new aspects on the cellular
function of CCR7, in terms of cell signalling and trafficking.
Since function and activity of transmembrane receptors is directly linked to their availability
and responsiveness at the plasma membrane, several studies in this work focus on the
molecular mechanisms of CCR7 trafficking. Currently, it is well established that only CCL19
affords profound CCR7 internalization, whereas CCL21 stimulation barely induces receptor
sequestration, although stimulation with either chemokine elicit G-protein activation and cell
migration to a similar extent (97, 98, 100, 126, 127). After initial endocytosis, the receptor is
recycled back to the plasma membrane poised to become activated again (98). A previous
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study showed that CCR7 internalize via clathrin-coated pits into early endosomes and further
colocalizes with transferrin receptor, suggesting a re-expression via recycling endosomes
(98). In our present study we confirmed the initial localization of internalized CCR7 within
early endosomes and further demonstrated that CCR7 takes the recycling route via the
trans-Golgi compartment to reach the plasma membrane (Chapter 2), which was recently
also reported for the chemokine receptor CCR5 (171). Surprisingly, our data revealed that
the recycling of CCR7 via the trans-Golgi compartment is regulated by the ubiquitylation
status of the receptor. Usually, ubiquitylation of GPCRs occurs after ligand treatment and is
primarily associated with lysosomal sorting followed by receptor degradation. Regarding
chemokine receptors, ubiquitylation was exclusively reported for CXCR4 so far and was also
linked to ligand-induced receptor degradation (65, 69, 149). We found a novel role for
receptor ubiquitylation in regulating the recycling process of chemokine receptors. We
showed that CCR7 is constitutively poly-ubiquitylated on intracellular lysine residues.
Furthermore, we provide clear evidence that this receptor modification is important for correct
recycling of internalized CCR7 back to the plasma membrane and does not affect receptor
internalization. Confocal microscopy studies revealed that lack of ubiquitylation causes an
accumulation of internalized CCR7 after CCL19 stimulation within a perinuclear region, which
turned out to be the trans-Golgi compartment. These findings suggest that CCR7
ubiquitylation facilitates the binding or the recruitment of one or more proteins to the
internalized receptor within the TGN, which pave the way for CCR7 to the plasma
membrane. In this regard, it is interesting to note that GGA proteins function as clathrin
adaptors to facilitate cargo sorting and vesicle formation at the trans-Golgi network and are
capable to directly bind ubiquitin through their GAT domain (180, 183). Whether the GGA
protein family is implicated in the regulation of chemokine receptor trafficking is currently not
known and needs further investigations. Apart from receptor recycling, we found an
additional function of CCR7 ubiquitylation in the regulation of constitutive receptor trafficking
in the absence of chemokine, which is unique for chemokine receptors but has been reported
for other GPCRs (164, 165). Although this basal trafficking of CCR7 by receptor
ubiquitylation represents an important regulatory mechanism, the main influence on receptor
activity is provided by ligand induced receptor internalization, which is associated with
receptor desensitization and further cessation of chemokine signalling.
Internalization of CCR7 displays a very interesting field of investigation, as only one of the
two known ligands, CCL19, induces distinct receptor endocytosis. Previous studies have
shown that CCL19 triggering causes serine/threonine phosphorylation of CCR7 catalyzed by
the G-protein coupled receptor kinases GRK3 and GRK6, leading to ß-arrestin2 recruitment,
which presumably facilitates receptor internalization (125, 127, 128). In contrast, addition of
CCL21 has been shown to activate only GRK6, which also induces CCR7 phosphorylation
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and ß-arrestin recruitment, but did not induce receptor endocytosis (128). Structural
dissection of CCR7 revealed that distinct serine and threonine clusters within the C-terminal
tail of the receptor represent the main CCL19-induced phosphorylation sites (125),
suggesting that these regions are important for receptor endocytosis. However the functional
consequences of C-terminal CCR7 phosphorylation, in terms of receptor trafficking and
cellular function, was not addressed. In order to determine the role of the CCR7 C-terminus
we generated three truncation mutants, where the intracellular tail was gradually removed
(Chapter 3). All C-terminal serial CCR7 mutants strongly internalized after CCL19 treatment,
providing clear evidence that the C-terminal tail is dispensable for CCR7 internalization.
Thus, CCR7 fundamentally differs from several other chemokine receptors including CCR3
(197), CXCR4 (204), CXCR3 (201), CXCR1 and CXCR2 (199), which all showed a strongly
impaired internalization upon truncation of the C-terminus. Although CCR7 trafficking was not
affected by C-terminal truncation, we identified a novel role for the membrane proximal C
terminal residues (aa 335-345) in G-protein activation. Absence of this region as well as
mutation of the DRY-motif within the second intracellular loop abrogate the GDP-GTP
exchange at the Gα subunit after CCL19 treatment and completely blocks chemokinemediated cell migration. Collectively, these findings show that G-protein signalling is
negligible for CCR7 trafficking, as it was also reported for CXCR3, CXCR4 and CCR5 (46,
205, 207). In an attempt to find the structural components of CCR7 facilitating receptor
internalization after ligand binding, we generated a second series of receptor mutants, where
all putative phosphorylation sites resided within the intracellular loops (ICLs) of CCR7 were
removed (Chapter 4). To this end, we replaced either serine, threonine, or tyrosine clusters
within single intracellular loops to investigate whether putative phosphorylation of single ICLs
is involved in receptor mediated cellular responses. Similar to our C-terminal truncated
receptor mutants, we found that abolishment of Ser/Thr residues within single ICLs did not
affect ligand induced receptor internalization. We also generated a CCR7 receptor mutant
construct, which lacks all predicted intracellular serine/threonine residues. However, this
mutant displayed a severe defect in surface expression, assuming that these residues are
required for correct protein folding, membrane insertion or stability at the plasma membrane.
Although mutation of serine and threonine clusters within distinct ICLs did not affect the
investigated aspects of chemokine-triggered receptor functions, including receptor trafficking,
cell migration and ERK-1/2 activation, we discovered an unexpected function for two tyrosine
residues, Y83 and Y85, within the first intracellular loop. Replacement of these tyrosines by
phenylalanine leads to a severe defect in G-protein activation after ligand treatment and thus
causes a profound inhibition of cell migration. In summary, we discovered by the use of
different receptor mutants three distinct regions within the intracellular part of CCR7 which
are essential for G-protein activation and thus correct receptor function. Figure 1 depicts a
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schematic illustration of CCR7 based on the topology prediction by Swiss-Prot
(www.expasy.org/sprot/), where amino acid residues, which are important for G-protein
activation are highlighted. Moreover, our data collectively confirmed that G-protein mediated
signalling is pivotal for CCR7-triggered chemotaxis but dispensable for ligand-induced
receptor internalization and recycling.

Figure 1. CCR7 receptor regions
implicated in G-protein activation.
Schematic illustration of CCR7, where
regions which are important for ligandinduced
G-protein
activation
are
highlighted in green.

Although G-protein signalling plays a crucial role for CCR7-mediated migration, there are
potentially also G-protein independent signalling pathways, which can influence CCR7mediated cellular functions others than receptor trafficking. The prerequisite for G-protein
independent signalling is mostly due to posttranslational receptor modifications, such as
phosphorylation. As serine/threonine phosphorylation of CCR7 was already investigated to
some extend, we assessed the role of tyrosine phosphorylation of CCR7. Our data in chapter
4 clearly demonstrate that CCR7 is indeed tyrosine phosphorylated after stimulation with
both ligands in a Src family kinase-dependent and G-protein-independent manner. Ligand
induced tyrosine phosphorylation was also reported for the chemokine receptors CCR5,
CCR2 and CXCR4 (291-294). For CXCR4, Vila-Coro and co-workers showed that ligandinduced tyrosine phosphorylation resulted in the association and activation of JAK2 and
JAK3, enabling the recruitment and tyrosine phosphorylation of several members of the
STAT family (294). Moreover, they reported that receptor activation caused activation and
recruitment of the tyrosine phosphatase SHP1, however the functional consequences of this
receptor association were not further investigated (294). We found that ligand-mediated
tyrosine phosphorylation of CCR7 led to the association and activation of the SH2-domain
containing tyrosine phosphatase SHP2. Moreover, we have shown that SHP2 is involved in
several aspects of CCR7-mediated signalling, including ERK-1/2 activation and cell
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migration. Recently, an interesting study revealed that CCL21-mediated receptor stimulation
enhanced ERK-1/2 activation upon TCR triggering in mouse lymphocytes, resulting in
enhanced T cell proliferation, whereas CCL19 did not display co-stimulatory functions (114).
Based on this finding, we investigated whether CCR7-mediated SHP2 activation participates
in chemokine-triggered enhanced T cell proliferation. We found that, in contrast to mouse T
cells, both CCR7 ligands have a co-stimulatory effect on human T cell proliferation, whereby
SHP2 activity displays a crucial function. Another interesting observation was the biased
function for SHP2 in chemokine-induced T cell migration. We identified a severely diminished
CCL21-mediated T cell migration upon SHP2 inhibition, whereas CCL19-mediated migration
was not affected. This observation was remarkable since up to now there is no evidence that
these two ligands exploit different signalling pathways to induce cell migration. A clear biased
function for CCL19 and CCL21, as already mentioned, is reported solely in terms of receptor
trafficking (128). Given that CCR7-triggering caused recruitment of SHP2 towards the
plasma

membrane,

one

could

assume

that

this

tyrosine

phosphatase

operates

predominantly at the plasma membrane and thus only hampers CCL21-induced migration
significantly. However this hypothesis supposes that CCL19-induced receptor internalization
is important for efficient cell migration. Currently, there exists only one publication, which
addresses this aspect indirectly. It is reported that lack of ß-arrestin2 and 3 causes
diminished CCL19-mediated cell migration, whereas CCL21-triggered migration was not
affected (127). Based on this finding one could suggest that receptor internalization, which
was shown to depend on ß-arrestin 2, indeed plays a role in cell migration.
Chemokines and their receptors are not isolated entities but instead operate within a
complex network of orthogonal signalling pathways arising from the vast number of existing
extracellular signalling molecules and target receptors. Nevertheless, there is a high degree
of selectivity in crosstalk events, which is further constricted by the protein expression profile
of certain cell types. Due to this, we investigated on the influence of TCR signalling on
CCR7-mediated cellular responses. In chapter 6 we provide clear evidence that a crosstalk
between T cell receptor (TCR) – and CCR7-signalling exists. Previous studies have shown
that the TCR also cooperates with the chemokine receptor CXCR4, resulting in a negative
crosstalk and feedback modulation of the activity between CXCR4 and the TCR (261). In
contrast, we found that short-term activation of freshly isolated human CD3+ T cells with antiCD3/CD28 positively influences CCR7 signalling, which was reflected in a significantly
enhanced chemotactic response towards low concentrations of CCL19 as well as CCL21.
Further investigations revealed that this pro-migratory effect, which became particularly
apparent in naïve T cells, was evoked by the different action of the Src family kinases Lck
and Fyn in non-activated and short-term activated T cells. Based on our results, we provide a
model, depicted in Figure 2 that illustrates TCR/CCR7-signalling-crosstalk, which causes
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enhanced migration of (naïve) human T cells towards low concentrations of CCL19 and
CCL21.

Figure 2. Model of CCR7-mediated migratory response in non-activated and activated human T cells.
In non-activated (naïve) T cells, ligand-mediated activation of CCR7 leads to a PKC-dependent Fyn activation, which
causes a negative regulation of Lck by the phosphorylation of its inhibitory tyrosine Y505. TCR engagement prohibits
CCR7-mediated Fyn activation either through direct inhibition of Fyn activity or the recruitment of Fyn towards the
immunological synapse. This allows direct signalling of CCR7 via Lck. CCR7 triggered activation of Lck results in LAT
phosphorylation and permits enhanced cell migration towards CCL19 and CCL21. This mechanism illuminates how naïve
T cells maintain their motility in response to CCR7 ligands within lymph nodes during the initial priming phase, despite
opponent stop signals provided by the TCR.

Currently, it is well defined that intranodal migration of T cells depends on CCR7 (11, 12).
Since the number of antigen-specific naïve T cells is extremely low, it is essential for naïve T
cells to scan large areas for their appropriate antigen presenting cell (APC) to initiate an
efficient adaptive immune response and thus to stay motile within the initial priming phase,
where T cells interact with several APCs for short intervals (260). Our findings provide a first
mechanistic insight on how T cells acquire their highly motile phenotype despite opponent
stop signals provided by the T cell receptor.
In summary, our results reveal several new insights on the functional and structural
regulation of CCR7 which give rise to an ameliorated understanding of ligand-induced
receptor trafficking and signalling.
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